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INTRODUCTION

Under the authority and direction of the Atomic Energy Act, the Atomic
Energy Commission supports and fosters basic research related to its
overall program. Virtually all such research is performed by contractor
organizations. In addition to continuing programs in AEC~owned in-
stitutions, the Commission provides assistance to universities, other
government laboratories, industrial laboratories, and others, who can
contribute to the program of the Commission by research in their own
laboratories.

While some basic research is, of necessity, performed in association

with projects with applied objectives, the central effort of the

Commission in the support of basic research in the physical sciences

is the responsibility of the Division of Research., Under its auspices,
research is being supported in the fields of high and low energy physics,
chemistry, materials science, and controlled thermonuclear processes.

This document summarizes the program on materials science supported by

the Office of Metallurgy and Materials Programs of the Division of Research.

The function of the Metallurgy and Materials Programs is to support
research conducted to advance the body of fundamental knowledge used to
cope with the broad spectrum of materials problems facing nuclear tech-
nology. The approach taken is to investigate material structures, prop-
erties, and phenomena in the most rigorous possible fashion so that they
may be explained, predicted, and related to the fundamental laws of
nature. This content of the program embraces physical metallurgy and
ceramics in their most basic context and solid state physics. Special
importance is placed on advancing the understanding in detail of the
effects of irradiation on materials and on the understanding of the
structure and behavior of specific materials and materials classes of
Commission interest.

In terms of the distribution of funds, about two-thirds of the Metallurgy
and Materials Programs are conducted in the AEC laboratories. These are:
Ames Laboratory, lowa State University, Ames, ILowa; Argonne National
Laboratory, Argonne, Illinois; Brookhaven National Laboratory, Upton,

Long Island, New York; Lawrence Radiation Laboratory, University of
California, Berkeley, California; Oak Ridge National Laboratory, Oak Ridge,
Tennessee. Of the remaining one-third, most is spent in college and ’
universities. At the end of the past fiscal year, June 30, 1964, the
Office of the Metallurgy and Materials Programs was supporting 149
contracts in its contract research program. Of this total 140 were in

71 educational institutions and the balance in not-for-profit laboratories
and industrial laboratories. The total expenditures were $19,918,000 for
Fiscal Year 1964,



Much of the research is conducted at the AEC laboratories since it re-
quires experimental and support facilities not found elsewhere, such as
high flux reactors and facilities for handling highly radiocactive
materials, Also, at the AEC laboratories concentrated efforts by
relatively large numbers of mature scientists of many disciplines may -
be devoted to problem areas of 1ong range Commission interest for ex-
tended periods of time.

The offsite contract research provides breadth and flexibility to the

AEC program., By supporting such programs in universities, the AEC

obtains the benefit of research conducted by those individuals who prefer

an academic environment. For the most part, the offsite program is com-
posed of small, short term projects, A major exception is the inter-
disciplinary laboratory at the University of Illinois where a single contract
supports the research of a group of metallurgists, ceramists, chemists, and
solid state physicists, 1In all the programs graduate student participation
is an important factor.

The contracts supporting these offsite projects originate from unsolicited
proposals based on the scientific interest of the principal investigator,
Of the many such proposals submitted to the AEC, those chosen for funding
are selected on the basis of their scientific merit and their pertinence
to the AEC program, The resulting contracts usually cover a one-year
period but may be renewed if the research continues to be productive and
of AEC interest, and if sufficient funds are available.

This report contains summaries of the research programs active during

Fiscal Year 1964, Part I presents the research conducted in the AEC labora-
tories and Part II, the research conducted elsewhere., For the most part,
these summaries were written by the investigators themselves, However,

some editing has been done for consistency of format. The summaries have
been indexed in terms of senior technical people involved and in terms of
scientific content.
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The deoxidation of niobium and vanadium by treatment with the alkaline earth
metals at 1000-1200°C gives equilibrium concentrations of oxygen of 40 ppm or less.
Experiments designed to decrease carbon and other interstitial impurities in
vanadium to very low concentrations by a special hydrogen treatment, such as has
been used successfully on iron, is underway. Preparation of vanadium and niobium by
reduction of their oxides with high purity aluminum followed by iodide refining or
electron beam melting shows considerable promise as a simplified process for obtain-
ing these metals in pure form.

2. Imperfection Structure and Relationship to Properties
F. X. Kayser and M. J. Marcinkowski

A study of dislocation structures in crystals using transmission electron
microscopic techniques has been initiated. The interaction between dislocations
resulting from antiferromagnetic ordering in the compound, FeRh, and accompanying
work hardening in the. ferromagnetic super-lattice alloy, FeCo is being investigated.
The relationship between imperfection structure and superconductivity in thin films
is also of interest. Measurement of stacking fault energies of several rare-earth
metals and a study of diffusion-induced effects in thin foils are underway.

Investigation of the "k state" in Cr-Ni alloys is in progress with efforts to
interpret the observed phenomenon by correlation with the dislocation structure of
the alloys.

3. Mechanical Properties of Metals & Alloys
0. N. Carlson, F. X. Kayser, M. J. Marcinkowski, D. T. Peterson and T. E. Scott

A better understanding of the deformation process in metals and the effect of
impurities on strength and ductility constitute the major objectives of this research
program. The role of impurities in the brittle-ductile transition and also in the
strain aging phenomenon in body-centered cubic metals is of specific interest. The
effect of nitrogen on the brittle-ductile transition of vanadium and chromium has
been studied rather extensively. Activation energies associated with strain aging in
these metals were found to be in rather good agreement with the reported values for
diffusion of nitrogen in these metals. The deformation mechanisms of tantalum
and niobium at sub-atmospheric temperatures were determined and attempts made
to explain the difference in the brittle-ductile behavior of these metals on the
basis of these observations. The strain rate-temperature-ductility relationships
for vanadium and vanadium-hydrogen alloys are being determined.

Fcc thorium exhibits a pronounced yield point at room temperature at stresses
as low as 12,000 psi. The temperature and strain rate dependence of the flow stress
of thorium is quite unusual and interesting for a fcc metal. The creep rate is
being studied as a function of temperature and stress.

An investigation of the peculiarities in the plastic behavior of off-
stoichiometric, long-range ordered FesAl alloys is in progress. Aluminum-rich
alloys show yield points at room temperature while those on the iron-rich side
of the compound do not. Metallographic and surface replication procedures have
been developed and single crystals of the composition of interest grown.



4, Thermodynamic Properties of Alloys
P. Chiotti, F. X. Kayser, K. A. Gschneidner, D. T. Peterson, J. F. Smith

The thermodynamic properties of intermetallic compounds, metallic solutions and
metal-salt systems are being investigated by calorimetric, vapor pressure and
electromotive force measurements. Attempts are being made to relate thermodynamic
properties to the atomic structure and other properties of the alloy.

A transformation has been established in YZns, and the enthalpy change and
other characteristics of the transformation measured. ’

The heats of fusion of zinc and bismuth and the heats of formation for CaMg2
were determined and the heat contents of tantalum and Na,WO, (x ~ 0.65) were
determined from O to 1100°C and O to 700°C respectively.

The activities and activity coefficients of ZnCl, in KC1-LiCl were measured
for various concentrations over the temperature range 450-650° as were the
thermodynamic properties of liquid MgZn alloys.

The vapor pressures of calcium, barium and strontium were determined by the
Knudsen effusion method as a function of the metal concentration in solutions
of their respective molten chlorides. The observed concentration dependence of
the vapor pressure indicates that two solute particles are formed for each atom
of metal in solution.

Calcium-ytterbium alloys are being used to study whether short range ordering
or clustering exists in their solid solutions by diffuse x-ray scattering techniques.
A study of the Ca-Yb phase system has been initiated with particular emphasis on
the limits of terminal solid solubility.

5. Kinetics of Metallurgical Reactions
D. T. Peterson and J. D. Verhoeven

Diffusion of solutes in solid and liquid metal systems and the migration of
solutes under influence of electric field and thermal gradients are being measured.

A technique has been developed for producing-a liquid zone in l/2-inch diameter
rods of iron and yttrium with a direct current of up to 700 amperes per cm® for use
in studying the transport of solute atoms under the combined potential and thermal
gradients. Normal freezing experiments have been carried out with a current of
250 amperes per cm? passing through the liquid-solid interface of a bismuth-tin
eutectic alloy. A study of resistivity and convection effects in liquid metals is
also underway.

Rates of diffusion of hydrogen in barium and in the divalent rare-earth elements,
Eu and Yb, are being measured and the kinetics of the oxidation of thorium is being
determined.



6. Phase Formation, Structure and Stability of Alloys
J. F. Smith ) ) o

This area of research includes a study of the stability and crystallography of
intermetallic compounds and other intermediate phases in alloy systems using
elastic constant and magnetic susceptibility measurements and x-ray diffraction
techniques.

The crystal structures of YNi, a—YAlB, YMgQ, Y4Mg25 and NbSn2 have been
determined and space groups determined for YNis, B-YAlj, Nbésn5 and TheMg, ..
The structures of CaZn. and CaZn,, have also been confirmed.  The elastic stiffness
constants of the fcc phase in the thallium - indium system were measured on
single crystal alloys as -a function of temperature and composition. Measurement of
the elastic constants of single crystalline rhenium as a function of temperature is
in progress and the elastic constants for UCd;; have been determined.

Measurement of the anisotropic thermal expansion of indium over the temperature
range 80-300°K was made for different grades of indium and for its dilute alloys.
Magnetic susceptibilities were determined for a group of intermetallic phases
all of which have the fluorite structure. The phases investigated were of the
series AuAl,, Auln, and AuGaz'and the apal@gous series MgSi2, MgGeo, s MgSn2 and
Mng2. i
7. Properties and Alloy Behavior of the Rare-Earth Metals

K. A. Gschneidner and F. H. Spedding

The purpose of this program is to investigate the physical properties,
electronic structures and alloy behavior of the rare-earth metals. The major
objective of this work is to obtain a basic understanding of the metallic state
and to extend our knowledge of alloy theory from a study of this closely related
series of elements.

A study of the electronic transition in cerium, the band structure of its
various allotropes and the effect of alloying upon these transformations is
underway. Binary alloys of neodymium and yttrium were found to have the unique
"samarium" structure whereas neodymium-~scandium alloys do not exhibit this behavior,
presumably due to atomic size factors. Studies of the scandium-gadolinium and
scandium~-yttrium systems indicate that the difference in the electronic structures
of yttrium and gadolinium does not result in any observable difference in the
phases present at elevated temperatures. The solubility limits of magnesium in
the rare earths and of these metals in gold are being determined as part of a
study of the nature of solid solution alloying. :

The magnetic properties.of YMng when scandium is substituted for yttrium
in various proportions, is of interest in understanding the unusual ferromagnetic
behavior of this compound. Unusual magnetic properties were also observed in
several non-stoichiometric rare-earth oxides having the formula, M330 . Single
X . 93748
crystals of these oxides have been prepared for use in these studies.

Work is continuing on measuring the vapor pressures and high temperature heat
contents of the rare-earths metals and is being extended to their intermetallic
compounds and other binary systems.
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Contractor: Ames Laboratory, lowa State University, Ames, lowa

Contract Number: W-7405-ENG-82

Present Contract Term: July 1, 1963 to June 30, 1968

Cost to AEC: $1,290,000 (FY 1964)
Contract Title: BASIC RESEARCH IN THE SOLID STATE DIVISION
Investigators: F. H. Spedding, D, J. Zaffarano, and Staff

Scope of Work:

A. Electronic Properties of Metals
A, V, Gold, J. M, Keller, A, R, Mackintosh, R, C, Young, and D, J., Zaffarano

The details of the Fermi surfaces of both transition and nontransition
metals are being investigated using a number of different techniques, Pulsed
magnetic fields of up to 200 kilogauss have been used to study the de Haas-van
Alphen effect in lead as well as in tungsten, molybdenum, and single crystal
""whiskers'' of the ferromagnetic metals iron and cobalt, The experimental band
structure for lead is well understood from the standpoint of the nearly-free
electron model. The theoretical interpretation of the results for the transi-
tion metals is much more complicated, since the simple model does not appear
to apply in this case, Other related investigations include the magneto-
acoustic effect in white tin, angular correlation of the annihilation gamma
rays for various metals (such as chromium), and cyclotron resonance at 100
kmc/s in tin and thallium.

The measurements on iron and cobalt offer a means for studying the
internal magnetic fields in these metals, and the internal fields are being
investigated also by means of magneto-resistance and Hall effect measurements
on the '"'whiskers'', Various theoretical approaches to this problem are being
considered, N : »

B, Electronic Structure of Crystalline Solids

R. G. Barnes

Nuclear magnetic resonance (NMR), electron spin resonance (ESR) and
recoiless-resonance absorption of gamma radiation (MUssbauer effect) are being
used to investigate nuciear hyperfine interactions in solids, with the empha-
sis being on pure metals, alloys and intermetallic compounds, Experimental
NMR studies have been completed on the In(115), La{139), Sc(45) and Be(9)
nuclei in the pure metals, and these are being interpreted theoretically, Re-
sults which have been obtained for vanadium metal strongly suggest that the



influence of gaseous impurities is responsible for the failure to detect NMR

in a number of other transition metals, The effects of magnetic ordering

have been studied in the vanadium-chromium system, and similar work is in
progress in the rare earth-aluminum compounds of the form RAl1,. These inves-
tigations will be extended to similar tin compounds using the MBssbauer effect,
A combination of high pressure and NMR techniques is being used to obtain the
activation volumes for self-diffusion in aluminum, and in lithium-magnesium,++
alloys,. ESR work to date has been concerned with an investigation of the V

and Mn" ions in rutile (Ti0,), and with the effects of rare earth ions in
CdF,. Some non-stoichiometric compounds of the LixWO3 type have been studied
alsad,

C. Cryophysics: Superconductivity

1. Superconductivity
D. K, Finnemore, F, H. Spedding, and C, A, Swenson

This program involves primarily an investigation of the superconducting
properties of high purity transition metals, and the effects on the supercon-
ducting properties of these metais of alloying with known amounts of both mag-
netic and nonmagnetic metals, Magnetization curves which show type Il behavior
have been obtained for high purity niobium at temperatures up to 9 K, Various
other high purity transition metals (thorium, vanadium) are being studied in
an effort to ascertain their thermodynamic and superconducting properties. The
changes in the superconducting behavior of high purity lanthanum metal upon
alloying with small amounts of gadolinium have been studied using magnetization
curves, resistivity, and heat capacity, Considerable evidence for the exist-
ence of gapless superconductivity has been found in a rapid decrease to zero
of the magnitude of the specific heat jump at T_as the gadolinium concentra-
tion is increased from zero to approximately 0.§ percent.

2, Specific Heat Measurements Below 19K
~F. H. Spedding, C. A. Swenson

A magnetic refrigerator hag been c8nstructed for heat capacity measure-
ments.at temperatures from 0,15 K to 20K, |Initially, data are being obtained
for both isotopes of solid helium at pressures up to 2 kbars, and for high
purity rare earth metals, where the hyperfine interaction terms will be of
major interest,

D. Thermal and Thermodynamic Properties of Solids

1. Equation of State Studies
C. A. Swenson

The piston-displacement method is being used to obtain pressure-volume=-
temperature measurements for simple solids (such as potassium metal) which
are of direct theoretical interest, and for more complex substances (such as
terbium metal, MnSnz, NHuF) for which such data do not exist, The major

10



objectives involve, first, an understanding of the pressure-volume relation-
ship at absolute zero, and, second, the influence on the temperature-dependent
portion of the equation of state of both lattice and magnetic properties. Low
temperature thermal expansion measurements are being made from 1.2% to 30°K
using an apparatus which can detect changes in the length of the order of 0,1
Angstrom in a 10 cm long sample, Data which have been obtained for copper and
aluminum confirm those published by other laboratories, while both sapphire and
rubidium iodide have shown anomalous behavior, !

2. High Temperature Measurements
G. C. Danielson

Pulsed techniques are being used to measure the thermal diffusivity-and
specific heat of various solids from 300 %k to 1400° K, and a new radial geome-
try method for the thermal diffusivity measurements has been developed Var-
ious pure metals and semiconductors are being studaed

3. Theory
J. M. Keller, R, H. Good

A general interest in the lattice properties of solids is reflected in
rather diverse types of calculations., Anharmonic effects in the specific
heats of solids are being studied in both the high temperature and low temper-
ature limits, the latter being specifically concerned with the heat capacity
of solid helium, The proper formulation of the local energy flux operator and
a statistical description of a system in a temperature gradient are being
studied for a semi-infinite chain, in the hopes of understanding more com-
pletely the fundamental problem of heat conduction in a solid.

A model which uses a free-electron representation for the conduction
electrons has been used to study the energy of the metailic state for a number
of elements. The results for the alkali and alkaline earth metals are most
successful, ’

L, Mass Spectrometric Techniques
D. E. Hudson

These techniques have been used to study surface ionization, ionization
cross-sections for electron bombardment, and relative vapor pressures (cohe-
sive energies). Recent work has been confined to various rare earth metals,

E. Semiconductors and Compounds
with Variable Stoichiometry

I. Semiconductors
G, C. Danielson, D, E, Hudson, J. M, Keller, D, W, Lynch, and R, C. Young

The major research in this area is concerned with the series of inter-
metallic compounds of the form MgZX, where X represents Ge, Si, Sn and Pb,
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The emphasis has been on single crystals of Mg,Si and Mg_Ge, where various
measurements (electrical resistivity, Seebeck Coefficient, Hall effect, magne-
toresistance, elastic constant, specific heat, optical reflectivity, high
pressure resistivity) have been made in order to understand their basic prop-
erties. In particular, piezo-resistance measurements on n-type Mg,Si indicate
that it is a multivalleyed semiconductor with a structure similar to silicon,
The band structure of Mg,Si is being calculated., Microwave Hall mobility
measurements have been m3de on germanium at 10 kmc/s, and higher frequency
measurements have been initiated to extend these measurements and cyclotron
resonance measurements to 100 kmc/s.

The true bulk resistivity of diamond has been determined, and its temper-
ature dependence suggests that both deep and shallow donors are present,

2, Tungsten Bronzes
G. C. Danielson, R, Fuchs, D, W, Lynch, and A, R, Mackintosh

The sodium and lithium tungsten bronzes (of the form Na_WO where x is
less than unity and is variable over certain ranges with consta%t crystal
structure) form a class of metals where the conduction electron density can
be varied, and where a transition from metallic to semiconducting behavior is
found. Many of their observed properties can be understood in terms of a
diffusion model, and an approximate band structure for these has been pro-
posed. Recent measurements have included optical reflectivity and specific
heats down to 10°K.

F. Maqnétic Materials; Rare Earth Metals
and Rare Earth Compounds

}. Rare Earth Single Crystals
S. Legvold, A, R, Mackintosh, and F, H, Spedding

‘The availability of high purity single crystals of the rare earth metals
has allowed detailed investigations to be made of their interesting aniso-
tropic magnetic properties. The data furnished by neutron diffraction
experiments performed elsewhere complements the single crystal magnetization,
electrical resistivity, thermoelectric power and magnetostriction measurements
which are currently being made., The very large magnetostriction effects which
have been found for dysprosium and holmium must be related, for instance, to
the large magnetic anisotropies in these substances, The complex magnetic
structure of these elements also is apparent in magnetoresistance measurements.

2, Rare Earth Ethyl Sulfates
F. H. Spedding, R, H. Good

The absorption spectra of the rare earth ions in single crystals of
rare earth ethyl sulfates have been investigated with high resolution as func-
tions of temperature, magnetic field and crystal orientation, These data
give details about the crystal field environment of the rare earth ion which
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have not been measurable before, The results can be understood in terms of a
theory which has been developed for the Zeeman effects of rare earth ions in
crystal fields with C3h symmetry,

G. lonic Crystals and Color Centers
D. W. Lynch, R, Fuchs, and K, L, Kliewer

1. Experimental
D. W. Lynch

Color centers in the cesium halides are being studied by both absorption
and luminescence techniques. A system has been constructed to study the ef-
fects of 4 kbars pressure at liquid nitrogen temperatures on luminescence
from color centers, and preliminary data have been obtadined for KC1, The
analysis of ionic conductivity data to obtain defect mobilities in AgCl and
AgBr has been simplified by means of a Born-Mayer model calculation of the
binding energy of a silver vacancy to a divalent metal impurity.

2, Theory
R. Fuchs, K, L, Kliewer

A direct calculation of the energy levels of the A center in KCl is being
carried out using a direct calculation of the pseudopotentials, The pressure
and temperature dependences of the static dielectric constants of alkali hal-
ides are being calculated in such a manner that the effect of each parameter
used to characterize a particular crystal (e.g., ionic masses, polarlzablll-
ties) will be made apparent,

The effect on various crystal properties of markedly nonhomogeneous
defect distribution near surfaces and around dislocations in alkali halide
and silver halide crystals (e.g., ionic conductivity) is being investigated,

H. Neutron Scattering Experiments
K, L. Kliewer, A, R, Mackintosh

The Ames Laboratory Research Reactor will be used initially for the
determination of spin-wave and phonon spectra in various solids when it comes
into operation early in 1965, Plans also are being made for the use of elas-
tic neutron scattering techniques for the determination of magnetic spin
distributions in magnetically ordered solids,
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Contractor: . Argonne National Iaboratory, Argonne, Illinocis

Contract Number: W-31-109 eng-38

Present Contract Term: July 1, 1963 through June 30, 196k (FY 1963)

Cost to AEC- $2,111,155
Contract Title. PHYSICAL RESEARCH IN THE METALLURGY DIVISION
Investigators: H: H. Chiewik, Associate Director, Metallurgy Division

Scope of Work:
‘The scope and objectives of this program encompass the following:

(a) studies to determine and correlate the physical and mechanical properties
of the materials that are basic to reactor technology in terms of their atomic and
electronic structure; in support of this there are rrograms dealing with the physical
metallurgy of plutonium, uranium, zirconium, and their alloys.

(b) Studies designed to extend our knowledge and understanding of the
mechanisms and processes which are usually encountered in metallurgicel und ceramic
technology and which have a special and unique significance in nuclear technology;
included are such processes as corrosion, diffusion, structures of thin films,
effects of surface structure on chemical reactivity, mechanisms of phase trans-
formations, and interactions of dislocations and their effects on mechanical
properties.

N

(c) studies on &lloying properties of transition metals, both solid solutions
and intermediate phases, with emphasis on the electronic properties and their role
in determining the stability of phases, utilizing such measureinents and techniques
as nuclear magnetic rescnance, low temperature specific heat, and magnetlic
susceptibility.

(a) Dpiffraction studies by combined neutron and X-ray techniques on the de-
termination of nuclear, atomic, and structural properties of materials, with in-

creasing emphasis on neutron diffraction.

(e) studies on irradiation effects in metals and alloy systems designed to
shed light on the nature of irradiation induced damage. The design and construction
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of low temperature facilities have been completed. These are located in the\
CP-5 reactor and allow bombardments to temperatures as low as 3.5°K in a thermal

neutron enviromment of 2.5 x 1013 neutrons per cm? per second and less than 1010
neutrons per cme per second of epithermal or higher, or in a neutron enviromment
of 3 x 101l fission neutrons with less than 108 thermal neutrons. The scope of
the research involves a variety of in situ measurements including stored energy,
electrical resistivity, length change measurements in nonfissile metals, such as
the noble metals, especially with regard to dose dependence effects in the high
dose regions. Currently experiments to measure the radiation-induced electrical
resistivity as a function of neutron dose are under way. A joint research effort
with Dr. C. S. Barrett of the University of Chicago to measure the recovery of
radiation-induced changes in lattice parameter is also under wvay.

A. Physical Metallurgy of Basic Reactor Materials (L. T. Lloyd)

1. Plutonium Physical Metallurgy (L. T. Lloyd, A. F. Berndt, M. B. Brodsky, R. Liptai)

High-Purity Metal: Preparation of high-purity plutonium by electrolysis in a
fused salt electrolyte is being continued to provide material for our research studies.

Deformation and Recrystallization: In connection with studies on the re-
crystallization and grain growth in alpha plutonium, a procedure has been developed
whereby this previously considered brittle and unworkable phase can be flat rolled
as much as 99% reduction in thickness at room temperature without intermediate
thermal treatments. The rolling introduces preferred orientation into the material,
but the amount of stored energy is small. In fact, the hardness of the material
after rolling more than 80% reduction in thickness is less than before rolling.
Annealing the rolled material within the temperature range of the alpha phase (up
to about 120°C) does not bring about recrystallization, but annealing samples rolled
approximately 85% reduction in thickness at temperatures above the equilibrium
Q@ —> B transformation temperature for short periods of time that are insufficient
to permit the transformation to occur does result in recrystallization without
‘appreciable grain growth. E

Self-Irradiation Damage: To determine the effect of self-irradiation damage
due to radioactive decay on the flow stress in alpha plutonium, hardness measurements
at room temperature have been made on samples held for various periods of time at
liquid nitrogen (77°K) and liquid helium (L4.2°K) temperatures. In most cases, the
hardness decreased with holding time.

Single Crystal Preparation: Several approaches to the problem of preparing
single crystals of monoclinic alpha plutonium are under investigation. These in-
clude: 1) Electrolytic reduction of plutonium halides, 2) growth from solutions
in liguid alkali metals, 3) reduction of plutonium halides by lithium in non-
aqueous solutions; and L4) studies of the grain structures in samples cooled
from a high temperature phase at both atmospheric and slightly elevated pressures.
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Equipment is being procured to extend the range of hydrostatic pressures to 100
kilobars at temperatures up to approximately 1000°K. An extrapolation of reported
data for the P-T diagram of plutonium indicates that liquid plutonium might

solidify directly to the alpha phase at these pressures. The equipment will also

be used for studies of other pressure effects in plutonium and other actinide metals.

Crystal Structure: Proof of the indexing of powder patterns and determination
of the unit cell of alpha plutonium was provided by an X-ray study of a small
single crystal of a plutonium-~neptunium alloy which had the crystal structure of
the alpha plutonium phase. )

Alpha 2 Beta Transformation: The kinetics of the B3 —> Q@ transformation in.
high-purity plutonium have been studied by ultrasonic measurements of samples
isothermally treated at various temperatures from 191° to 351°K. The TTT diagram
shows a double "C" character. The upper "C" (313° to 361°K) is accompanied by a
partial athermal character in that the transformation does not go to completion,
but rather, the amount of transformed material approaches a certain value and
further holding time has no effect. Upon subsequent cooling to room temperature,
the transformation goes to completion. The lower "C" shows a minimum time for
beginning of transformation of approximately 0.5 sec at approximately 270°K.

Transport Properties: A study is in progress on the electron transport
properties of plutonium and other actinide metals and their alloys. Thus far,
measurements have been made of the Hall coefficient of plutonium between 78° and
438°K, and of the electrical resistivity of cold-rolled alpha plutonium between
4.2° and 393°K. The Hall coefficient of alpha plutonium was found to change from
a positive value above 190°K to a negative value below that temperature. The Hall
coefficients for beta plutonium, however, are positive throughout the temperature
ranges studied (78° - 160°K and 353° - 438°K). The results have been treated by-
a two-band model which yields consistent results if the conduction band is assumed
to be Ts, but the results are not consistent with an assumed 5d conduction band.
Differences in calculated band populations between the alpha and beta phases 1mply
slight differences in the band structures of the two phases.

Measurements of the low temperature resistivity of rolled plutonium have
shown that the resistivity anomalies are affected by the deformation, but they are
not totally eliminated by it. The rolled metal gives better resistivity ratios
than previously reported, but these are still quite low. The results on the cold-
rolled metal are in agreement with proposed antiferromagnetic ordering below 60°K.

2. Diffusion Studies (S. J. Rothman and N. Peterson) .

235 33 , '
Studies of diffusion of U 35 and f'UE“J in perfect and imperfect single crystals
of alpha-uranium are in progress to determine the temperature dependence of D, and -
the effect of dislocations on the diffusion rate.
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The measurements of the diffusion of Zn in NaCl, made by one of us at Har-
well last year (Rothman), have been analyzed. For the diffusion of Zn in pure
NaCl, Dy was 2 x 10-2 cm?/sec and the activation energy was 23.8 kcal/mol. The
energy of association between a Znt* ion and a nearest-neighbor cation vacancy was
15.5 keal/mol, and the heat of solution of ZnClp in NaCl was 27 kcal/mol. Zn
diffuses in NaCl by the vacancy mechanism.

Diffusioh of PA103 has been measured in single crystals of copper and silver.
The temperature dependence of the diffusion coefficient may be represented by:

_+1.53 et e " 2
Dpa —spg = 2-27.1.37 exp[-(56,752 + 300)/RT] cm”/sec,
"and
71+0.23 . 2
Dpg —>cu = T oo.21 exp[-(54,370 + 300)/RT] cm”/sec,

where R is the gas constant and T is the temperature in °K. The results, when
compared with the activation energies for self-diffusion in copper and silver,
are in poor agreement with the LeClaire theory. One may conclude that the
electrostatic potential due to an elébtronegative impurity dissolved in a noble
metal cannot be described by the Thomas-Fermi potential. From the Lidiard theory,
this data, and data of Nachtrieb et al., the correlation factor for palladium
diffusion in silver has been shown to be 0.96 and 0.98 at 1203° and 1023°K, re-
spectively. It may further be shown that palladium atoms repel vacancies in both
the first and second coordination shells.
. , . . 103 112 . .
Simultaneous diffusion of Pd and P4 has been measured in palladium
single crystals. The preliminary results for Pd103 diffusing in Pd can be
represented dy:

D = 0.1 exp(-52,000/RT) cme/sec.

The iscotope effect in palladium self-diffusion has been measured to within
approximately 3%. The square root of mass dependence of the diffusion coefficients
is found to hold within this experimental accuracy. The isotope effect on
valladium diffusion in copper and silver is now teing investigated. The correlation
factor obtained with this work will then be compared to the values obtained with

the Lidiard theory in our earlier experiments.

3. Elastic Constants and Their Relation to HCP to BCC Transformations (E. Fisher)

For crystals of hexagonal symmetry there are two fundamental elastic shear
moduli, cyl and cgg. The chlh modulus associates the stress and strain for shear
in the basal planes, whereas the latter is the modulus for prism shear or shear
~of any (h-k-0)[h-k-0] system. Measurements of the elastic moduli in Ti and Zr
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have shown that the cgg moduli in these two h.c.p. metals have almost the same
values between 4°K and the respective temperatures of the h.c.p. —> b.c.c.
diffusionless transformations, 1135° and 1155°K. In addition, the c56 moduli
have a much greater temperature dependence than cy) of either metal. 1In Hf and
Y, c45 also has the larger temperature dependence.

In correlating the relative temperature dependence of the two shear modulil
with the ¢/a ratios of h.c.p. metals at 298°K, it was found that for Cd, Zn, Co,
and Mg, with c/a values greater than 1.50, the clly modulus has either the same
or a greater temperature dependence than cgg. TFor c/a values less than 1.60,
however, which includes T1l, Zr, Ti, Hf, Y, Be, a number of rare earth metals and
the platinum group members, Ru and Os, cgg has the greater temperature dependence,
except Ru (data are not available for the rare earths, nor for Os). A further
correlation shows that c/a of about 1.50 is also the dividing point, distinguish-
ing between those h.c.p. metals which transform to b.c.c. before melting and
those which do not. Two exceptions were noted: Ru and its associate Os.

This correlation suggests that the occurrence of the h.c.p. to b.c.c. trans-
formation is associated with the temperature dependence of the thermal vibrational
amplitudes, corresponding to the transverse rmodes, with displacements in the
h.c.p. basal planes. The elastic constant data together with the electrical re-
sistivity and specific heat data (literature data) suggest that above 420°K these
thermal displacements are impeded by anharmonicity in the lattice vibrations
which contribute to a high vibrational free energy that is greater than that
obtained from a guasi-harmonic model.

The temperature dependence of the nine elastic moduli in orthorhombic alpha
uranium are being measured up to temperatures close to the @ —> 5 phase trans-
formation. The data obtained for the shear moduli are quite similar to those
observed in Ti and Zr, in the range of 100° to 4O0°K, but do not show evidence
of anharmonicity in the 400° to 900°K range. 1In fact, the data at high tempera-
tures suggest that the negative thermal expansion coefficient of the by lattice
constant in uranium is associated with an increasing temperature dependence of
the amplitudes for the transverse modes of thermal vibration.

k. Precipitation Strengthening of Alpha-Zirconium Crystals By Hydrogen (D. Westlake)

Transmission electron microscopy has been used to study the location of hydrogen
in quenched zirconium-hydrogen alloys. Contrary to published results of other
workers, hydrogen in interstitial solid solution at 573°K was not retained in
supersaturated solution by quenching in water. Freshly quenched alloys contained
finely dispersed needles of zirconium hydride, which increased in size during
aging at room temperature. Some precipitates were formed at dislocations, but
nucleation sites appeared to be randomly distributed in the matrix.
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The critical resolved shear stress for prism slip of crystals of zone re-
fined zirconium was increased as ruch as 500 per cent by 0.54 a/o hydrogen in
the form of finely dispersed hydride needles. The combined strength increment
due to hydrogen and the impurity, oxygen, is expressed by

2 2,1/2

where Ty and Tp are the increments of strength due to hydrogen and oxygen, re-
spectively. This is in agreement with a recently published theory for stren 7
ening due to two causes. The increment Tg was shown to be equal to (A- BT2 J)J e,
and 7 was equal to KG, where A, B and K are constants, T is temperature in °K,
and G is the shear modulus. Qne deduces from this that glide dislocations over-
come Oxygen barriers by a thermally activated process, but the mechanism of over-
coming hydride varriers is not thermally activated.

2

B. Alloy Studies (M. V. Nevitt)

1. Occurrence of Transition Element Intermediate Phases (A. E. Dwight)

Currently a major part of this investigation is concerned with the factors
which control the occurrence of various crystal structures in equiatomic alloys.
In these alloys, the A partner comes from a group in the periodic table to the
left of the Mn group, and the B partner comes from a group to the right of Mn.

The B2, or CsCl-type structure, occurs in more than i70 binary systems.
Atomic size, as measured by the Goldschmidt radii of the partners, is not a major
controlling factor. The operation of an electronegativity factor may be important,
as is shown by the transition from a disordered A2 solid solution in TiRe to a B2
structure, by the substitution of successively smaller amounts of Os, Ir or Pt for
a part of the Re. A study of the interatomic contraction in B2 compounds shows
that contraction between the A and B partners is dependent upon radius ratio and
group number of the A and B partners. When the B element is from the second long
period, contraction is noticeably less than when the B element is from the third
long period.

The B27, or FeB-type, has been found in alloys in which the A element is a
lanthanide or Th, and the B element is Ni, Pd, Pt, Cu or Si. The By, or CrB-type,
structure has been found in alloys in which the A element is a member of the Ca,
Sc, Ti or actinide group, and the B element is Ru, Co, Rh, Ir, Ni, Pt, Al, Ga, Si,
Ge or Sn. Both structures are orthorhombic and both are accompanied by large
radius ratios. The factor which controls the selection between a B27 and By
structure is not yet known.

The B1S structure is found in eguiatomic compounds which have a moderate
radius ratio and whose B element is Pd or Pt; newly discovered =xamples are TiPd
and TiPt.
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The Llg, or Culdu-type, is most prevalent in systems having a low radius
ratio and small differences in electronegativity. A recently found example in
a ternary system is VpIrPt. The transition of an Ll, structure to a distorted
B2 has been studied.

The Bll structure, which is ordered tetragonal, has been found more often
in ternary than in binary systems. A typical ternary Bll compound is Ti3Hf7IrigQ.

A graﬁhical scheme has been devised which enables one to gather compounds

. having a common crystal structure into regions of composition. The occurrence
and composition of a given crystal structure family can thereby be related to the
position of the partner elements in the periodic table. The graphical scheme of
presentation has particular usefulness in predlctlny occurrence of compounds in
certain ternary systems.

2. Phase Relationships in Systems of Actinide Elements with Carbon (M. V. Nevitt)

The principal effort here has been an X-ray diffraction study of NaCl-type
monocarbides of thorium, uranium, neptunium and plutonium and solid solutions
formed between them. The X-ray work has been supplemented by optical metallography.
The effort has been confined to four specific areas:

a. The composition limits and the concentration dependence of the lattice
parameter have been determined for the binary phases ThC¥*, PuC, and NWpC. As these
phases form over a range of composition (deficient in carbon in relation to ideal
stoichiometry) it has been possible to derive empirically expressions relating the
lattice parameters to the ratic of atom fraction of carbon to the atom fractlon
of the metal.

b. The lattice parameters of the (Th,U)C and (Th,Pu)C phases have been de-
termined after samples were reannealed at high temperatures. There is complete
miscibility between the carbides involved and the relationships between lattice
parameters and composition does not differ appreciably from linearity.

c. The approximate composition range of (Th,Np)C has been explored and
‘certain other pertinent phase relations have been tentatively established. The
lattice parameter of the (Th,Np)C phase has been measured. The results thus far
obtained suggest, but do not prove conclusively, that NpC is completely soluble
in ThC.

d. A tentative interpretation of the lattice parameters of the binary mono-
carvides has been made in terms of the relationship between valence and atomic-
radius which is characteristic of the actinide series. Although the sizes of the
atoms in the structures of pure uranium, neptunium and plutonium indicate that the
nunber of electrons in 7s and 6d states (valence electrons) is respectively 6, 6, and 5,
their effective size in the carbides suggests a smaller number. We infer that the

¥ The symbols ThC, NpC, PuC, (Th,Np)C, etc., are used to denote the phases
without implying stoichiometry.
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effective atomic size corresponds to between 4 and 5 electrons per atom, possibly
resulting from a mixture of the two configurations. We are planning a series of
magnetic measurements which, we hope, will clarify the electron structure of the
actinide metals in the monocarbide structure.

3. Thermodynamic Properties of Traﬂsition Metal Alloys (M. V. Nevitt, J. B. Darby,
' . M. Myles)

A twin liquid-metal calorimeter for enthalpy measurements has been placed into
operation at L415°C. After several minor modifications in design and mode of opera-
tion final calibration experiments were begun and are still under way.

The calibration is based on the heats of solution of pure metals in a liquid-
metal solvent for which reliable values are available, specifically goid and silver
in tin. Recent data indicate the-precision to be + 2.5% or less rather than the
value expected for this type of calorimeter, + O.S%. The low precision arises
primarily from a small change in thermal leakage induced by mechanical manipulations
necessary to dispense a sample into the solvent. Modifications to insure constant
thermal coupling vbetween each calorimeter and its respective sample dispenser are
now in progress. Experience to date suggests that the operation of a twin calorim-
eter in a vacuum is more difficult than in a gaseous environment because of the
reduction in thermal coupling between adjacent components.

The vapor pressure of chromium over solid vanadium-chromium alloys has been
- measured by the torsion-effusion method in the temperature range 1450° to 1650°K.
The computed chemical activities exhibit fairly small negative deviations from
Raoult's law over the entire composition range. The excess free energies, the
excess entropies and the enthalpies of formation have been calculated, and con-
sidered in terms of the changes in the characteristic properties of vanadium and
chromium that occur upon alloying.

An unsuccessful attempt was made to extend the vapor pressure study to solid
vanadium-manganese alloys as a sequel to the work on vanadium-chromium and vanadium-
iron. In the temperature range where the partial pressure of manganese is within
the range of the apparatus (lO'3 to 104 mm Hg), nonequilibrium conditions developed
within the effusion cell because the diffusion rate of manganese is apparently lower
than the effusion rate. A technique to circumvent this problem is being sought.

A similar study of solid-nickel-platinum alloys was performed for the nickel-
rich alloys, but implausible vapor pressure results were encountered for the
- platinum-rich alloys. The spurious effect, which increased with platinum concen-
tration, was thought to involve the entrance of some contaminant into the effusion
cell at the experimental temperature. While the identity of the contaminant could
not be established by chemical analyses, or by other means, an extensive series of
remedial steps including baking out the vacuum system, elimination of sources of
vapor contaminants, and the introduction of platinum getters around the effusion
cell have reduced the effect to a tolerable limit, and the measurements are now
being resumed.
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Measurements of the vapor pressure of silver over solid silver-palladium
alloys have been made. These data are currently being analyzed.

A drop calorimeter is now veing assembled for the determination of heat
capacities at elevated temperatures. The heat capacities will be used together
with the free energy and enthalpy measurements to provide full elucidation.of the
thermodynamic properties.

L, Magnetic Susceptibilities and Thermoelectric Power Properties of Solid Solutions
and Intermediate Phases (M. V. Nevitt, A. Aldred)

The study of magnetic susceptibility as a means of delineating the electronic
structure of transition metal alloys has continued with measurements in the systems
niobium-technetium, molybdenum-technetium, vanadium-technetium-aluminum, vanadium-
iron, and vanadium-aluminum.

In alloys involving a neighboring transition metal solute in vanadium or
niobium the rigid band approximation is a valid medel in the body-centered cubic
solid solution region. In many instances it has been possible to assess the con-
tribution of s and d spin susceptibility to the total by empirically separating off
the non-spin contributions. In such instances the spin susceptibility and its
composition dependence are generally consistent with the density of electronic
states at the Fermi surface as determined from low temperature speciiic heat. The
effect of alloying seems to be an increase or decrease in the number of electrons
in the band without affecting the form of the band.

This view is exemplified by results in the system molybdenum-tecanetium.
The room temperature magnetic susceptibilit y increases from pure molybdenum (82.3
x 10-¢ emu/g-atom) to a small maximm (95.5 x 1070 emu/g-atom) at the equiatomic
composition; further additions of technetium produce a decrease which reaches a
minimum at 70 at.® Te (%X = 87.3 x 10-6 emu/g-atom). Beyond this composition there
is another increase to the value for pure technetium. No Curie or Curie-Weiss
type of temperature dependence was ooserved im any alloy in the temperature range
from 300°K to the superconducting transition temperature. The results indicate
that the density of states at the Fermi surface increases upon initial addition of
technetium to molybdenum and then decreases at technetium contents higher than
the equiatomic composition, consistent with low temperature specific heat coefficients
and superconducting transition temperatures in this alloy system.

In the systvem vanadium-aluminum, and in other systems in vhich a nontransition
metal solute is involved, & rather different behaVzor is ovserved. The magneti g
susceptibility decreases from 5.£3 x 10~ eﬂu,g «for pure vanadium to 5.76 x 10~

ﬁu/“ for 35 at.?% aluminum in vanadium. While the decrease in susceptibility with
increasing solute concentration resembles qualitatively the behavior observed when
transition metals dissolve in vanadium, it can be shown that most of the
susceptibility arises from the orbital paramagnetism of the vanadium atom which is

25



essentially independent of composition. The orbital paramagnetism of aluminum is
found to be zero; the gluminum acts simply as a diluent. The rigid band model is
not applicable in this instance. When these data together with the measurements of
low temperature specific heat and Knight shift are considered, it appears that the
s-p electrons of aluminum have little or no interaction with the d electrons, which
primarily determine the properties of the solvent. The outer electrons of aluminum
are apparently not contributed ® the vanadium d-band but instead constitute a low
lying band, at the surface of which the wave functions are p-like,

Another approach to the study of the density of electronic states at the Fermi
surface has been through measurements of thermoelectric power. Two apparently '
successful determinations have been made of the absolute thermoelectric power, S,
for pure palladium. They agree with each other and with selected literature values
o within 20%. '

At high temperature, above the Debye temperature, the thermoelectric power is
essentially due to the scattering of the electrons by lattice vibrations and may be
expressed as:

Sz_}neszr [ 1 an(E) -, 1 av(E L1 a(E)
37 e ME) "B v T® l(g=10)

where k is Boltzmann's constant, T is the absolute temperature, e is the electronic
charge, N(E) is the electronic density of states, E is the energy, V is the electron
velocity, T is the relaxation time and [ is the energy at the Fermi level.

Therefore, the value of N(E) for palladium, determined from the low temperature
specific heat, can be used with the free electron model to calculate S. At 700°C
the calculated value of S is either -63uV/deg (if T is proportional to E3 2) or
-21uv/deg (if T is assumed to be independent of E). These values bracket our ex-
perimental value, -42uV/deg, and we therefore have some encouragement for the use
of the free electron model for our study of palladium-based alloys..

The alloy work in its present state, shows that when an element from groups
lying to the left of palladium, specifically vanadium, chromium, manganese, iron,
cobalt, tantalum or uranium, is dissolved in palladium there is in every case a
decrease in S. The usual band model for palladium, due to Mott, would imply that
S should first rise to a numerical maximum upon the addition of small amounts of
these elements, and then decrease. It may be that we have not yet examined alloys
sufficiently dilute to show thé maximum. On the other hand, if the relaxation time
is controlled by the density of states in the d-band, as has also been suggested,
the controlling factor in the concentration dependence of S should be the slope of
the d-band. In this case the solutes mentioned should cause S to decrease and then
change sign. We intend to make measurements on more dilute alloys to clarify the
ambiguity.
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5. Ferromagnetism in Transition Metal Alloys (M. V. Nevitt, A. Aldred)

During the past eighteen months extensive changes have been made in the
equipment used for measuring saturation magnetization. 1In earlier work on
vanadium-iron and chromium-iron alloys it was found that the precision of the
original ballistic technique was poor vwhen the alloys being measured had weak
magnetic moments. The first modification was a development and incorporation
of an electronic integrator to measure the output of the detector coils. The
integrator was expected to increase the precision of the measurement by about
a factor of 5. However, when we attempted to use it for measurements at liquid
helium temperature, we found that it was sensing a high level of noise in the
detector coils, which had not been seen by the ballistic galvanometer used
previously. The result was excessive scatter in the output signal. The noise
was reduced by a factor of 10 by improving the stability of the magnet current,
but an excessive signal-to-noise ratio remained. It was finally concluded that
the noise was due to vibrations in the coils caused by translation of the

specimen.

At this point it was decided to abandon the apparatus and employ the force
method of measuring magnetization. This technique involves placing the specimen
in a constant magnetic-field gradient and measuring the force exerted upon it.
The new equipment which has been installed and placed in preliminary operation
consists of a dual-sensitivity automatic recording vacuum balance mounted on top
of a cryostat. The specimen is suspended in the cryostat in the gap between a
pair of constant-gradient pole caps. The precision of this device should in
principle be about five times better than that of the original induction method
and the speed of measurement should be significantly increased. However, it is
necessary that the magnetic field in the gap and its gradient be carefully mapped
since it is intended that the measurements be absolute rather than comparative.
In the latter case it would suffice to calibrate the gradient with specimens of
known susceptibility. We believe that absolute measurements are a particularly
important goal since a surprisingly small number of magnetization measurements
have been made in this way.

When the apparatus is in satisfactory operation, we shall return to the
measurements of the composition dependence of the magnetization of iron-base
alloys in which the solute is either a nontransition element such as beryllium
or gallium or a transition element such as molybdenum, technetium or tungsten.

6. Superconducting Transition Temperatures of Cr3o-Type Ternary Phases (S. T.
Zegler and M. V. Nevitt)

The objective of this work is to elucidate the dependence of the supercon-
ducting properties of certain intermediate phases on crystallographic and
electronic parameters. 1Initial work is being directed toward determining the
superconducting transition temperatures of Cr30-type ternary phases as influenced
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by crystal lattice dimensions, valence electron concentration and atomic mass
and volume,

Studies have been made of the occurrence of phases having the Cr30-type
structure in ternary alloys having the general composition V3(B,B') where B and B'
are Fe, Co, Ni, Au, Rh, Ir, Si and Ga and also in Nb3(Rh,B) alloys where B is
either Co, Ru, Pd, Os, Ir, Pt or Au. X-ray and metallographic data obtained for
these alloys indicate the following:

1. Extensive mutual solubility can be expected between two A3B compounds
vhich have the same A partner, and B partners that are members of the same or
closely neighboring groups in the periodic table.

2. If the B partners are from widely separated groups, for example, in V3Co
and V381, solubility may be limited.

3. Solubility of an element that does not form either a binary V3B or Nb3B
phase is usually, but not always, extremely restricted in A3B compounds.

4, In most cases lattice parameters have the expected increase upon the
substitution of a B partner having a larger atomic size. Exceptions to this rule
occur, however, in the substitution of Fe or Co for Ni in V3Ni and of Co or Ru for
Rh in Nb3Rh.

An apparatus has been constructed and calibrated for making inductive measure-
ments of the superconducting transition temperature, Ty, in nearly zero field in
the temperature range 1.7 to 14.0°K. Measurements made on the Nb3(Rh,B) alloys
indicate the following:

1. The T, for Nb3Rh is 2.52°K. The substitution of either Co, Ru, Os or
Ir for 10% of the Rh afoms decreases T, while similar substitution of Pd has
essentially no effect. The substitution of Ir has the largest effect decreasing
Te to below 1.7°K. At greater substitutions of these elements T, is depressed
further in all cases. 1In contrast Au and Pt substitutions increase T, to as high
as 10.5°K and 9.8°K respectively.

2. The transition temperature of the alloys increases nearly linearly with
increasing valence electron-to-atom ratioc where all electrons outside of filled
gas shells are considered as valence electrons. An even closer linear correlation
is seen, however, between T, and the parameter €y, where € is the electron-to-
atom ratio, V is the volume of the unit cell, and n is a small integer.

7. NMR Studies (D. Van Ostenburg, D. Lam)
NMR has proven to be a very useful technique for the study of the electronic

and structural properties of materials. OQur primary emphasis has been on metals,
alloys, and intermetallic compounds.
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It has been found for certain transition-transition metal alloys in their
bee region, e.g., V alloyed with other transition metals of the first and second
long periods, that the Knight shift depends essentially on the electron/atom
ratio rather than on the alloying species. These elements appear to conform to .
the rigid band model; that is, the number of electrons in the band of an element
in the periodic table is simply increased or decreased by alloying with a neighbor-
ing element without appreciably affecting the band structure. On the other hand
alloying V with nontransition elements, such as Al, led to the proposal that the
constituents do not form a common conduction band but that the Al nuclei are
electronically shielded from the rest of the matrix. The interpretation of the
Knight shift data includes the partitioning of the Knight shift into portions
associated with the s electrons, the d electrons, and the orbitel paramagnetism.
The alloy systems studied during the past year were the bece region of vanadium-
iron, vanadium-niobium, vanadium-aluminum, vanadium-technetium-aluminum, niobium-
technetium, and the intermetallic compound Puflo.

Vanadium-Iron: The nmr parameters have been measured from 120 to 300°K and
at various external fields. The Knight shift of V51 shows a meximum in the
vicinity of 16 afo Fe (e/a = 5.6), while the line width increases slowly up to
20.2 a/o Fe and then rises rapidly at higher Fe contents. The nmr line widths
increase linearly with frequency and are independent of temperature up to about
20 a/o Fe; at higher Fe concentrations they broaden at low temperatures. The
fact that the nmr line width increases rapidly beyond 20 a/o Fe and increases
at lower temperatures augments the determination of the composition where magnetic
moments are first believed to appear. The Knight shifts of V51 in the nonmagnetic
portion of this alloy system have been interpreted in terms of contributions from
the Fermi contact term, core polarization and orbital paramagnetism..

Vanadium-Niobium: As remarked in the introduction, when V is alloyed with
other transition metals a regularity is found in the data of the ol Knight shift
versus electron/atom ratio. That is, when K, is plotted versus e/a for the alloy
systems of V with Cr, Tc¢, and Fe, respectively, a maximum in Ky occurs near an e/a
of 5.6. To gain further insight into this observation, a study of the V71 and Nb93
Knight shifts in the V-Nb bcc binary alloy system has been initiated. This is an
alloy series where the e/a ratio is constant and where both nuclear species can be
observed across the entire composition range; this work is in its early stages.

Vanadium-Aluminum Binary and Vanadium-Technetium-Aluminum Ternary Alloys: To
explore further the concept of energy band compatibility among transition and non-
transition elements, a sutdy was made comparing the bce region of the binary V-Al
and ternary V-Tc-Al systems. For V-Al it was found that the v21 shift increased
only slightly from 0.56% in pure V to 0.58% at 40 a/o Al in V, and that the change
was nearly linear with Al content. The Al T shift was negative and nearly independent
of concentration within experimental error, with a value in the vicinity of-0.03%.
This is to be contrasted with the Knight shift of pure Al which is 40.16%. The
rigid band model is thought to be inapplicable to V-Al and similar systems. The
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s-p electrons appear to have little or no interaction with the d electrons which
primarily determine the properties of transition metals. The outer electrons of
the Al are apparently not contributed to the vanadium d-band but instead constitute
‘a low lying band, at the surface of which the wave functions are essentially p-like.
For the ternary system the alloys were prepared by adding a fixed amount (5 a/o)
"of pure Al to requisite amounts of V and Tc. The compositions can be represented
by the formula Als5Vgs5_xTcy where x ranges from O to 50 a/o. Again the A12T shift
was found to be small., Compared with the values obtained on the V-Tec binary alloys,
the shifts of Vo1 and Tc99 have the same magnitude and concentration dependence,

The similar composition dependence of the Vol and Tc99 shifts in the binary and
ternary alloys suggests that the electrons contributing to the shifts of V 1 ang
799 enter a common band, while the meT shifts, small in absolute magnitude and
nearly independent of alloy composition with or without Tc, indicate that the Al
conduction electrons are not contributed to the V-Te d-band but again constitute

a low lying band.

Niobium-Technetium: NMR measurements have been made on Nb93 and Tc99 across
- the bece portion of this alloy system. In addition calculations(1l) on the temperature
variations of the electronic specific heats and magnetic susceptibilities have been
made for Nb and Mo metals and Nb-Mo alloys using the density of states determined
from low temperature specific heat data for 4d transition metals and their alloys.
Temperature variations of the magnetic susceptibilities of these metals and their
alloys are explained by including the temperature independent orbital paramagnetism
and the effects of the negative (for Nb metal) and the positive (for the Nbg, 75
Mog.25 alloy) molecular fields. The Knight shifts of Nb93 and Te9? in Nb-Tc and
Nb-Mo alloys are shown to consist of contributions from conduction electrons of s-
character, the exchange polarization effect, and orbital paramagnetism. The main
contributions to these shifts appear to arise from the latter term.

Actinide Metals, Compounds and Alloys: To date the Pu239 nmxr line has not
been observed. Work will continue as more accurate nuclear magnetic moments are
reported and the purity of the samples is . improved.

One gram of neptunium oxide was received from Oak Ridge National Laboratory
and investigated. The nuclear magnetic moment for Np237 is reported to be 5 + 2.5 nm.
A search for the nmr absorption line was made over a range of magnetic moments rang-
ing from 3.39 to 8.82 nm. No resonance was observed. One possible reason is that
the line may have been broadened due to the large paramagnetism associated with this
compound. Future work will continue when the pure metal is obtained. If the
resonance is found it will provide a means for investigating alpha plutonium solid
solutions since neptunium is the only element that dissolves to a large extent in
alpha plutonium.

(1) This work performed in conjunction with Drs. M. Shimizu and A. Katsuki of
Nagoya University, Nagoya, Japan.
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The Al 7 resonance line has recently been observed in the intermetallic
compound PuAlp. The spectrum consists of a central line associated with the

- X —_— lv‘tra.nsitionAand four satellites due to transitions among the levels

2 2
associated with the A127 nuclear magnetic quantum numbers + % and + g. The
satellite spacings are such &s to yield a quadrupole coupling constant in the
vicinity of 3.8 Me. The central line width is composed of contributions from the
second order quadrupole interaction, the anisotropic Knight shift, the dipolar
interaction, etc. The study and analysis currently in progress should separate
these contributions. When this information is complete the isostructural compound
NpAlp will be examined and the results compared with that on UAlp. The composite
data will be examined with the purpose of proposing possible models for the
electronic structure of actinide metals and their compounds.

Spin-lattice Relaxation: In order to expolit more fully the Knight shift
data currently on hand and to study fluctuating internal fields in solids, a
pulsed nmr spectrometer was designed and is nearing completion at this laboratory.
During the past year, construction has advanced to the point where experiments
can be performed at 8 Mc/sec.

Since our experiments are currently concerned with solid solutions and inter-
metallic compounds, where the absorption lines are usually broad, intense rf pulses
are necessary. They are generated by gated rf high-power amplifiers. The energy
contained in the pulses and the time intervals between pulses is controlled by
changing the duration of the gate. The rf pulse 1s applied to the nuclear spin
system by means of a transmitter coil and the nuclear induction signals are picked
up by a receiver coil, which is orthogonal to the transmitter coil. The nuclear
induction signals are coupled to the receiver and then displayed on an oscilloscope
or fed into a box bar integrator.

The unit is designed to operate at four frequencies, 4, 8, 13 and 18 Mc/séc
with a maximum power output of 50 Kw. At present, the unit can be operated at 8 Mc/
sec with the intended power output.

A dewar system has been constructed to provide temperatures from 4° to 300°K,
with the specific requirement that samples could be introduced at low temperatures.

Tests of the unit at room temperature for V51 and Al27 in pure metals have
been performed and the results are in good agreement with published data. Work in
the V-Al binary system is currently in progress.
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C. Irradiation Effects in Metals and Alloys (T. H. Blewitt)

1. Transmission Electron Microscopy Studies of Radiation Effects in Thin Films
(XK. Merkle}

The studies on the energy dependence of fission fragment damage in single
crystalline gold inﬁicated that the primary knock-on atom has to receive an energy
in excess of 3 x 107 eV in order to initiate a displacement cascade that is large
enough to result in a damage region which can be resolved by high magnification
transmission electron microscopy. From the value of this threshold energy, the
energy distribution of the primary recoils and the dose, one should then be able
to calculate the density of spots in any given irradiation. The results obtained
from irradiations with protons, deuterons, and alpha particles of various energies
are in agreement with this picture. Present studies apply this to neutron damage.

Two theoretical models regarding fission track formation have been developed:
the isolated particle model applies to films of isolated small metal or oxide
particles. Another kind of track is observed in single crystalline insulstors;
here a cylindrical region of damage can be produced upon transfer of energy from
the hot electrons to the lattice atoms. Present experiments are concerned with
the influence of the substrate on track formation.

2. TIrradiation and Solid Solution Strengthening Effects of Copper Singie Crystals
(T. J. Koppenaal)

The purpose of these studies is the investigation of the mechanism of
strengthening in copper single crystals by neutron irradiation and/or solute
additions. Thus far, it has been determined that aluminum additions to copper
cause only a small enhancement of the room temperature strength after moderate
neutron doses, ~101° nvt or more. Experiments are being planned to investigate
the temperature dependence of the yield strength. If the results show that the
temperature dependence of the irradiation strengthening is solute independent (a&s
the early results indicate), one must conclude that solutes do not affect obstacle
formation on irradiation. We have, however, already observed a difference in the
defect structure between pure copper and a Cu-lha/oAl alloy; thus, not all defects
are obstacles.

The largest effect of solutes appears to be that of lowering the activation
energy at which the damage anneals out. This decrease in the activation energy is
thought to be associated with the binding energy of either a vacancy-solute atom
or an interstitial-solute atom.

3. Radiation Effects in Anisotropic Solids (B. Loomis)

The purpose of this research is the study of the effect of irradiation on
anisotropic solids. The initial portion of the work has been the study of the
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effects of annealing temperature on the volume changes of B-guenched uranium and
uranium alloys containing krypton and zenon fission fragments. The work has been
extended to include alpha recrystallized uranium with large and small grain sizes;
preliminary results indicate a substantial effect of grain size on the volume change.

Observations of the microstructure utilizing electron microscopy techniques
will also be made to aid the interpretation of the results. Irradiation-induced
growth will be studied utilizing the low temperature facility in the CP-5 reactor.

In these experiments growth will be investigated in fissile materials, such as
uranium and uranium-doped zirconium and in nonfissile anisotropic materials, such

as zinc, bismuth and magnesium. In the latter case energetic neutrons will be

used as the bombarding particle. The growth of the specimens will be determined

by a direct measurement of the length changes in various crystallographic directions.

To aid the understanding of the growth, specimens suitable for electron
microscopy examination and measurements of the change in lattice parameters will
also be irradiated.

4., Ppores in Solids (E. Gruber)

This program is concerned with the behavior of fission gas bubbles in solids.
Theoretical consideration has been given to the problem of migration of these
bubbles under the influence of a thermal gradient. This migration appears to occur
primarily by diffusion of the matrix atoms over the inner surface of the bubble,
Appropriate expressions have been derived to express the bubble diffusivity and
bubble velocity in the presence of a driving force, such as a thermal gradient.

The results are being used to predict coalescence behavior of bubbles by
consideration of the bubble size distribution and the change in this distribution
with annealing time. The approach employs finite difference methods and the cal-
culations are being made by means of the CDC 3600 digital computer.

This theoretical work will be augmented in the near future by experimental
work which will include electron microscope observations of bubble migration and
swelling measurements on postirradiation annealed specimens, The affect of a
thermal gradient on swelling is of particular interest.

5. Experimental and Theoretical Studies of the Formation and Annihilation of Point
Defect Clusters in Pure and Impure Metals (R. M. Cotterill)

The theoretical work involves: a) A calculation of the time dependence of
the concentration of various defect clusters (divacancies, trivacancies, ete.) dur-
ing quenching and subsequent annealing. These calculations can be applied to both
pure and impure metals, and, with a slight modification, the program is applicable
to the case of an irradiated metal. b) Calculations of the binding energies of
various defect clusters. These calculations involve use of either a Morse potential
or a Born-Meyer potential. Relaxations of surrounding atoms are taken into account
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but no allowance is made for electron redistribution. The results of this study
will later be used in (a).

0f the two types of experiment, the more straightforward involves irradiation
of previously-annealed specimens. An example of this type is the experiment in
which pure copper and Cu-lha/oAl were neutron-irradiated under identical conditions.
The pure copper was found to contain both the small vacancy clusters and the larger
interstitial loops normally observed in this metal. The alloy contained only the
vacancy clusters. This result is taken as evidence of interstitial-solute cohesion
in the alloy. Other alloy systems are now being examined. This type of experiment
is being repeated at T8°K for 40 MeV a-irradiation in the cyclotron. The other
type of experiment exploits the effect observed by Cotterill and Jones in which
~clusters  vacancies, introduced by quenching, are annihilated during a-irradiation
(presumably by the interstitials that are generated during irradiation). It has
now been established that neutron irradiation produces the same result. An inter-
esting side effect is also observed. Interstitial loops are not formed in the
previously-quenched specimen because all the interstitials are lost at the original
vacancy clusters. This type of experiment is also to be carried out at 78°K in an
electron microscope and at 4°K in the CP-5 Reactor.

6. Effect on Neutron Irradiation on the Precipitation Process (J. Horak)

The purpose of this research is to investigate the effects of irradiation-
induced defects on the precipitation process. Present experiments involve the
study of aluminum base Al-Cu, Al-Zn, Al-Mg, and Al-Ag alloys in the as-quenched
condition and the Al-Cu and Al-Zn alloys in the reverted condition. The L4.2°K
irradiations are followed resistometrically as are the subsequent isochronal anneals
t0 room temperature. These measurements will be followed by small angle X-ray
scattering to determine the size and number of precipitation nuclei present in
irradiated versus unirradiated material. Alloy compositions well below those
where precipitation is normally detected are also being studied to provide informa--
tion on the nature and extent of the solute atom-point defect interactions.

7. Determination of lattice Parameter Changes in Metals Arising from Irradiation
and Tts Subsequent Recovery (B. D. Sharma)

One of the most important questions remaining to be answered in the field of
irradiation damage is the migration energy of vacant lattice sites and interstitial
atoms in copper. This point is a key one to a basic understanding of the mechanism
of irradiation damage. In this experiment when the recovery of irradiation damage
is followed by the measurement of electrical resistivity and lattice parameter,
the question can be answered. This is true as the vacant lattice sites will cause
a decrease in lattice parameter, whereas the interstitial atoms will cause an
increase in lattice parameter. If a fraction of the defects, as current experi-
ments seem to indicate, reach & surface of the metal without being annihilated by
meeting one of their opposite number, then the lattice parameter will change at
a rate which is either too fast or too slow for a rate based on complete annihilation.
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A plot of lattice parameter change against that of electrical resistivity
will show such a deviation, and it should be possible to delineate between the
motion of interstitial-type defects and vacant lattice site defects.

This experiment is currenfly being undertaken and the in-plle cryostat is
novw under construction. A precision X-ray diffractometer is presently being
prepared. Results are expected from this experiment within next year.

8. Determination of Energy Release Assoclated with the Recovery of Irradiation
Damage (M. Lucas)

One of the most important pieces of information to be attained in the study
of irradiation damage is the amount of energy release associated with the recovery
process. This information is particularly useful as the formation energy of
vacancies and interstitials are rather well known.

Currently measurements have been made by two independent investigators but
the results differ by a factor of two. An experiment is under way to repeat
these measurements.and obtaln a more accurate figure of the energy release during
the recovery of irradiated metals.

It is believed that greater precision can be reached than in the past as it

is possible to bombard in & higher neutron dose than was the case in the previous
experiments.

D. X-ray and Neutron Diffraction Studies (S. S. Sidhu)

1. Neutron Diffraction Instrumentation (M. Mueller)

In our investigation of the crystal structure of alpha uranium at low tem-
perature we have previously indicated that it is necessary to use a longer wave-
_length neutron beam and also to carefully exclude the h/2 component. We have
found that a germanium monochromator satisfies both of these objectives. It was

found that sufficient imperfections could best be introduced in the germanium
crystal by a small compression at elevated temperatures.

2, Neutron Coherent Scattering Amplitudes (L. Heaton, M. Mueller)

Since neutron scattering amplitudes can only be determined experimentally,
a continuing effort is made to obtein coherent scattering measurements on isotopes
as they become available as well as improving previously reported values. The
following were determined in the usual way and were .presented orally at the
International Conference on Nuclear Physics with Reactor Neutrons.
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Atomic Element or b

Number Isotope g10'12 cm)
12 Mg 0.475
19 K 0.3k

K2 0.37
37 Rb 0.85
Rb 0.83
4o 2 0.70
L3 me?? 0.68

3. Crystal Structure of TijCu, TipNi, TiyNipO and TijyCup0 (M. Mueller)

Ilattice constants were determined for all four phases using X-ray powder
diffraction films. Atom positional parameters of all four phases have been de-
termined from observed neutron intensities. X-ray diffraction calculated intensity
data has also been presented for TioCu to point out the particular suitability of
neutron diffraction in spite of the large unit cell size., Interatomic distances
have been determined using the positional parameters obtained from neutron
diffraction.

4. Structure of Disodium Tetranitritonitrosohydroxyruthenate (III) 2-Hydrate
{M. Mueller)

The determination of the crystal structure of this compound by neutron diffrac-
tion has been completed. We have refined the positional parameters of all 16 atoms
together with anisotropic temperature factors for each, and have calculated the re-
sulting RMS thermal displacement of each atom,

The structure can be envisioned as consisting mainly of 6-fold coordination
about three separate atoms; namely the Ru, Ne; and Nap, thus forming three differ-
ent kinds of octahedra which include almost all of the atoms within the structure,
The Ru octahedron has four nitrogens from the NOp groups, & nitrogen from the NO
group, and an oxygen from the OH group. Both Na; and Nap have six oxygens about
each, which are from the NO» groups, OH groups or the H20. By the use of this
description 1t is evident that these octahedra form an interlocking chain through- .
out the structure in which there are common atoms or common edges shared between
octahedra. Each of the three octahedrons are oriented relatively the same in the
unit cell., Four atoms Iin each are arranged in a near coplanar square in which this
plane is perpendicular or nearly so to:the mirror plane (or parallel to the b axis).
The other two atoms involved in each of the 6-fold coordination lie along a line
perpendicular or nearly perpendicular to this square plane, thus forming the
_octahedra. :
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This octahedral arrangement leaves no octahedrons dangling but rather they
are all tied to each other. The only atoms not included in these octahedra are
the hydrogen of the OH groups, the oxygen of the NO group, the hydrogens of the
H20, and the 03 and 06 of the NO2 group. From the distance involved between the
O-H. . . 01t is evident that there is little or no hydrogen bonding. The dis-
tances and angles found in the B0 part of the structure seem reasonable.

5. Structure Determination of Uranyl Nitrate Hexahydrate, UOp(NO3)26H20 (M. Mueller,
J. C. Taylor) .

Suitable crystals of this compound have been grown and the collection of three-
dimensional neutron diffraction data are under way. Whereas early X-ray results
indicated that the crystal was orthorhombic, space group Cmem, a later piezo-
electric study and two X-ray investigations proposed a noncentrosymmetric group
Cmc2;. Two recent infra-red investigations are in conflict with regard to the
lonie or covalent bonding of the NO3 groups. The first of the above X-ray investi-
gations has indicated an ionic compdund composed of [UO(Hp0g)]3+ and [NO3)~ ions
with the six water molecules in the form of a hexagon around the uranium, whereas
later X-ray study has suggested a nonionic structure with the uranium coordinated
to two NO3 groups and two Ho0, with the other four Hp0 loosely held. It is planned
to use neutron data to resolve the above conflicts as well as locate the hydrogens
of which there are a number in the structure. A parallel X-ray investigation is
t0 be carried out by Prof. Lynton in British Columbia.

6. Chemical and Megnetic Order in PtMn3 (S. S. sidhu)

The susceptibility-temperature measurements of PtMn, in the room to 250°C
temperature range show an anomaly, which, a&s shown by X-ray diffraction measurements,
does not result from a phase change of the alloy., A neutron and X-ray diffraction
study was made of the chemical and magnetic order in the above temperature range
to explain this anocmaly, and is being extended to cover a larger temperature
range to determine the main characteristic of the magnetic behavior of the alloy
and its dependence on the chemical order and disorder.

The crystalline structure of the Pt alloy is face-centered cubic with
four atoms per unit cell and &, = 3. 8&& %he structure factor for the disordered
state is:

+ 3b
i Y i 2
( ) {1 4 oTi(hek) | mi(het) | mi(ks )} (1)

and for the ordered state, in which, say, Pt is at: 0 0 0, and 3 Mn at: 1/2 1/2 0;
1/2 0 1/2; 0 1/2 1/2,
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=b_, +D {éﬂi(h*k) + e"i(h*z) + é"i(k+z)} (2)

Frxe pt ¥ °mn

* where by, and by, are coherent nuclear scattering amplitudes for Pt and Mn respec-
tively. The 8bove expressions are also applicable to X-ray structure factors in
which bpt and by, are replaced by X-ray scattering factors fpg and an respectively.
Neutron and X-ray structure factors squared are given in Table I. .

rable I. Structure Factor Squared for PtMn3

. :
| X-rays Neutrons
| State ‘Miller Indices Ir, 12 5 12 10P%?
hk? Voesp X cn
. 2
Disordered (a) hk? all odd or (fPt + 3fﬁn) 0.0237
all even :
(b) hkf mixed 0 o
1 2
{
! ordered (a) hk? all odd or (be + 3an) 0.0237
i all even
' ' o 2
i (b) hkf mixed (fPt - fﬂn) 3 L7371
{
-12 17
th =095 x 10 “em 3 an = -0.368 x 10 ~“em

It is apparent from the structure factor squared values that while X-ray
diffraction patterns of the disordered and the ordered alloy would give normal
reflections for this type of structure, neutron diffraction patterns would be
unique, This is confirmed by the patterns obtained., A neutron diffraction
pattern of the ordered alloy consisted mostly of mixed Miller indices reflections.
Practically no diffraction peaks were observed for the 8ll odd or all even Miller
indices planes. This uniqueness is found in the neutron diffraction patterns
of the face-centered cubic nuclear null-matrices in whlch the atoms making up a
null-matrix transform to ordered positions.

The neutron diffraction patterns of the ordered alloy wmade at room temper-
ature and at 250°C showed that the crystallographic structure of the alloy was
the same at both temperatures, but there were marked differences in the relative
intensities of (100) and (110) reflections at the two temperatures. These
differences are ascribed to superposition of magnetic intensity on nuclear intensity,
-the magnetic intensity resulting from alignment of magnetic moments at room tempera-
ture, The alignment and disalignment of magnetic moments in this temperature range
account for the reported anomaly in the susceptibility-temperature curve of the

alloy.
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7. The Scattering of Neutrons by Liquid Alloys of Sodium and Cesium (L. Heaton)

Neutron diffraction patterns have been obtained and inverted to atomic radial
distribution curves for liquid alloys of sodium and cesium of six different com-
positions over a temperature range from the alloy's melting point to 365°C. The
alloys were contained in hermetically-sealed cylindrical cells of vanadium of one
cm diameter and five cm in length. The excellent corrosion resistance of the
vanadium to the alloys avoided sample contamination and the vanadium's negligible
scattering smplitude gave no spurious peaks,

The atomic radial distribution curves show nondiscrete first peaks. while
these data do not preclude the existence of weakly bound molecules or clusters
with atomic distances nearly the same as distances between neighboring free atoms,
the distribution curves do show that no permanent compact molecules exist in the
liquid sodium-cesium system., The radial distribution curves of each alloy except
in the vicinity of 80 a/o sodium have the general shape and behavior exhibited by
the monatomic elements themselves in that there is & small increase of nearest
neighbor distance and an appreciable decrease in number of nearest neighbors with
temperature., Samples of 78.7 a/o sodium and 83.4 a/o sodium gave distribution
curves of which the first peaks are broad, though not diffuse, with plateau-like
tops at all temperatures,

8. Crystallographic Computer Programs (M. Mueller, L. Heaton, S. S. Sidhu)

Since the Laboratory has now obtained a CDC 3600 computer we are in the
process of converting our crystallographic computer programs so that they can be
used in this computer with & free flow of the input and output data. This will
require programs for (1) generating & complete set of hkf's appropriate for the
crystal together with the angle settings for obtaining the data on the automatic
Neutron Diffractometer I (2) processing the output data and (3) permitting this
output data to be used as input for a number of programs, such as, least squares,
superposition and Fourier programs for the analysis of the crystal structures.
This will reqQuire the rewriting of some programs so as to be suitable for CDC 3600
operation as well as the writing of new programs, both to be carried out in
cooperation with the Applied Mathematics Division.

E. Corrosion Research (J. E. Draley)

1. Electron Optical Study of Surface Reaction Products (R. Hart)

One important aspect of metallic corrosion and oxidation involves knowledge of
physical attributes of the metal and structural relationship between these and the
overlying reaction product. Thus & detailed knowledge of the physical relationship
between metal and compound(s) by itself and more importantly tied in with other
investigations such as kinetic studies and electrochemical or chemical behavior
will lead to a better understanding of the problem.
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The Al-steam system has proved to be particularly interesting in the study
of morphology and structural relationships between metal and corrosion product.

In steam at temperatures above 600°C and pressures up to 1000 psi aluminum
is filmed with a thin, highly protective oxide, namely 7-A1203. The morphology
of these films is well-defined in electron micrographs and their orientations are
directly related to the grain orientations in the underlying metal.

There are other temperature and pressure ranges where aluminum is not nearly
as corrosion resistant to steam., For instance, just above the critical temperature
of water (374°C) aluminum will rapidly disintegrate. The product comsists of Q-

03 (corundum) and 7-A1203, the relative proportions of these two oxides varying
from sample to sample.

Available data indicate that a~Al,03 should not form under these conditions
and experiments are in progress to investigate this system more closely.

2. Oxidation of Zirconium (D. Bradhurst, J. E. Draley)

The objective is to determine the mechanism by which a solid product limits
reaction between a metal and & gas. Many features of this mechanism are not under-
stood, in particular for metals such as zirconium. These include the cubic law of
oxidation, transitions from one rate law to another and the dependence of this be-
havior on the presence of water vapor. By closely relating the EMF which develops
across the growing oxide scale on zirconium and its structural features, the
growth mechanism can be identified.,

Measurements of the EMF across the scale forming on zirconium in oxygen have
indicated that the oxidation is controlled both by ionic and electronic conduction.
By using this EMF, and the measured resistance o the growing scale, it is possible
to estimate the free energy change in dissolving oxygen in the (anion-deficient)
Zr0Op. From this and 0Op-ZrOp_y equilibrium measurements it should be feasible to
estimate the defect structure in the growing oxide.

Application of a more negative (than normal) potential to the metal with
respect to ithe external oxide surface causes & reduction in oxidation rate.
Similarly, a more positive potential increases the oxidation rate. The analogy
to aqueous systems suggests an investigatlon of the polarization behavior of zir-
conium in oxygen.

During oxidation, zirconium oxideAis observed to crack. Experiments allow

estimates of the stress levels in the oxide film, and an attempt is being made to
correlate mechanical properties of growing oxide with oxidation behavior,
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3. The Kinetics of Aqueous Aluminum Corrosion (S. Mori, J. E. Draley)

The chemical and physical aspects of corrosion are being studied as a means
of determining the mechanisms of the corrosion of aluminum in water. The presence
of oxide films and the local nature of the reaction indicate that rate control is
related to local degradation and repair of corrosion product oxide. Determination
of the amount of metal corroded, the weight of the adherent corrosion product,
and the amount of product lost to the water vermits calculation of the composition
of the corrosion product coating.

Careful measurements have shown that during two periods the amount of corro-
sion of "commercially pure" aluminum varies with the logarithm of time. Between
these two periods, there is a break upward in the corrosion curve. The logarithmic
behavior has been interpreted in terms of alternate film growth and breakdown,
with the latter perhaps induced by the accumulation of corrosion product hydrogen
beneath the protective film. The effects of external parameters such as temper-
ature and oxygen content of the water on film growth rates and the breakdown process
are being studied to allow examination of reaction mechanisms.,

4. The Aqueous Corrosion of Aluminum Alloys at Elevated Temperatures (J. E. Draley
W. Ruther)

The use of rapidly flowing water as a corrodent is proving to be & valuable
tool in elucidating the mechanism of aluminum corrosion at elevated temperatures.
Environmental effects, which are either absent or lost in the experimental errors
in static water, become very important in dynamic corrosion. Explaining these
effects should provide a better general understanding of the interactions at the
water-aluminum oxide interface during corrosion.

Corrosion tests have been completed in which different aluminum alloy systems,
oxygen levels, analyses of flowing stream solids, surface areas, flowing path
length and changes in stream temperatures have been variables. From the results
of these tests it has been tentatively postulated that precipitation and adherence
of a colloid (usually but not always a form of aluminum oxide) on the outer sur-
face of the protective oxide film is essential to a low aluminum corrosion rate.

The source of the colloid 1s assumed to be the neutralization of alkaline
(or acid) streams (carrying the aluminum in a soluble form) issuing from cracks
and fissures in the protective oxide. This mechanism seems to have validity for
the corrosion of aluminum under other conditions as well.

In current tests, buffers are being used to prevent large pH changes in the
fissures, and thus to influence corrosion behavior.

5. Polarization Studies (R. Legault, J. E. Draley)

Since the processes occurring during aqueous corrosion involve the transfer
of charge, the interrelationships between overall current flowing, the potential,
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and the corrosion rate allow the deduction of the important steps in the corro-
sion reaction. Variation of the basic parameters while making the measurements
should make it possible to deduce the roles of the various processes in controlling
corrosion.

Methods of measurement have been developed and polarization curves have been
determined for almost 20 pure metals in boiling distilled water. Current research
will determine whether normal impurities in the water have significant influence .
on the electrochemical processes occurring on aluminum. It should then be possible
to examine polarization data from the point of view of learning important factors
in the growth and breakdown of protective films,

F. Ceramic Materials Research

1. Dislocations and Irradiation-Induced Defects in Oxides (P. Stablein)

In our previous work we concentrated on the study of neutron irradiated MgO
single crystals in which the interaction of dislocations with irradiation-induced
defects was studied through dislocation etching techniques on samples deformed by
bending and by hardness indentations. Analyses of these in conjunction with slip
line traces were made to determine dislocation generating stresses and dislocation
movement stresses and their behavior and how they change during annealing. This
work has been extended to fission fragment and deuteron bombardments. Crystals
whose thickness is larger than the deuteron range are being studied. The harden-
ing produced by the deuteron itself when it stops in the lattice is greater than
that caused by the damage produced in passing through the lattice.

Studies on the dose dependence and the energy dependence of the bombarding
particle on the mechanical properties of Mg0 are in progress. We plan to extend
this study to include other crystals, such as TiOp and CoO, which exhibit non-
stoichiometry so that excess vacancies can be present for interstitial annihilation.
As an adjunct to this research, single crystal growth studies on oxides are also
under way.

2, Defect Equilibria in PuOp (L. Atlas)

At temperatures above 600°® or TO0°C, the fluorite structure of PuO2 can
apparently vary in composition between about Pu0;, 62 and PuOp g - possibly
even up to Pulp, 09. Defect equilibria, including the free energy, enthalpy,
and entropy of the general reaction

2 2
X PiOpq —> F PuOy oy + 0y X —>0

are being investigated. Experimental methods include:
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1. An electrochemical cell using a stabilized zirconia electrolyte,

2. measurements of electrical conductivity as a function of temperature
and the,partial pressure of oxygen,

3. measurements of oxygen dissociation from Puo2 ‘using a thermal con-
ductivity gas analysis system.

In addition to the thermodynamic data listed above, it is hoped that this
combination of techniques will provide information on (a) the type of defects
present, (b) the equilibrium constants for their formation and dissociation,
and (c) the energies involved in these processes. At the present time test
experiments are being carried out with Tioa.

3. Effect of Surface Structure Upon the Catalytic Activities of Solid QOxides
(M. Vvolpe)

The purpose of this research is to determine the relative importance of the
various crystalline structural factors on the catalytic activity of solid oxides.
The general approach is that of measuring the catalysis rate of some chemically
simple gaseous reaction on exposed crystallographic faces of single crystals hav-
ing different point and line defect concentrations and different degrees of sur-
face roughness. '

The choice of a suitable reaction for these studies was dictated by a desire
for chemical simplicity and by the availability of the oxides in the form of
large single crystals. The decomposition of nitrous oxide on Mg0 or on Mg0O-CoO
solid solution (NpO —> Np + 1/2 0p) was chosen to start this investigation.

The apparatus has been designed, constructed and tested out. It has been
found possible to measure the rate of decomposition of nitrous oxide on one
single crystal wafer of CoO-Mg0 (50 mole % Co0) having the dimensions, 1 cm x
0.5 cm x 0.05 cm, There is some interference due to catalysis by the walls, but
certain apparatus modifications have been made to reduce this wall reaction to a
negligible amount. The modified equipment has just now been put into operation.
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Contract Title: PHYSICAL RESEARCH IN THE SOLID STATE SCIENCE DIVISION

Investigators: 0. C. Simpson, Director, Solid State Science Division
. , and staff

Scope of Work:

The general aim of the research program in the Solid State Science
Division 1s the basic understanding of the properties of solid materials
and of their interactions with various environments. Emphasis is fre-
‘quently placed on the interaction itself or on the result of the inter-
action as in the case of radiation damage studies. In other cases, the
interaction of radiation fields or other environments (very slow neutroms,
high magnetic fields, microwaves, light, gamma rays and x-rays, sound,
low and high temperatures, etc.) are used as indispensable experimental
aids in the study of the properties of solid materials both in the
nominally perfect condition or after exposure to more severe environ-
mental situations. Many materials of particular significance to nuclear
energy and related projects are specifically studied such as graphite,
uranium sulfide and other actinide compounds, ice and a few additional
hydrogen bonded materials, rare earth metals, etc.; however, the work
also includes many other materials that readily lend themselves to studies
which serve to elucldate the general features of atomic and electronic
structure and properties of crystalline materials and the role of defects
in determining their properties.

A. Application of Resonance Effects to the Study
of Solids

1. Optical and Spin Resonance Properties of Single Crystals - Color

Center Research ‘ -
C. J. Delbecqg, J. Gabriel, D. Schoemaker, J. Sierro, S. Susman,

E. Yasaitis, P. Yuster

Studies of the optical absorption and of the paramagnetic resonance
absorption properties of irradiated alkali halide single crystals pre-
pared with controlled impurities have revealed many interesting and
important aspects of radiation induced defects in these materials. The
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purpose of the investigations is to determine the characteristics
and interrelations of defect centers. The data, concepts, and ideas
developed in the studies are very useful in the general radiation
field. Certain selected projects now in progress are as follows:

The nature of the afterglow and the thermoluminescent properties
of x-irradiated KCl-Ag and KC1-Tl1 crystals are being studied. Further
" ESR measurements, particularly on KCl-Tl, are being made in an attempt
to 1ldentify and characterize the electron and hole traps and to deter-
mine their roles in the luminescent behavior.

The relationships of the Vl—oentef in KCl1 and the FCl~ center in
KCl are being studied with the aim of obtaining information on the
mechanism of production of vacancy-interstitial pairs in the alkali
halides. Related studies are in progress to determine the role that
imgurities play on interstitial formation since it has been found that
Na™ enhances the rate of production of Vl—centers considerably.

ESR measurements on low temperature x-irradiated KCl-KBr single
crystals have revealed that under certain conditions a new type of
ClBr~ mixed center is formed lying in a [001] plane but with its .
molecular axis 11.7° off of the [110] direction. Further ESR and
optical work are required to develop a better understanding of this
defect center. Optical and ESR studies are also being carried out on
mixed KCl-NaoS single crystals and on natural fluorite, CaFo, to ¢
determine the nature of the color centers in these materials. -

The Laboratory's new high intensity pulsed Van de Graaff generator
will be used for fast transient studies of color centers. With this
generator, it should be possible to create a large number of F-centers
in excited states. With the use of a flash lamp, spectrograph and
photographic plates it may be possible to obtain for the first time
the absorption spectrum of the exclted state of the F-center. Other
centers having comparable or longer lifetimes may also be studied in
the same fashion. '

Pure, single crystalline KCN was prepared by a zone melt procedure,
and the color centers produced in this material, which has the alkali
halide structure, have been studied. Color centers analogous to the
F- and M-centers in alkali halides are formed; however, a major dif-
ference has been found in the crystal field splitting.

A versatile high field spin resonance spectrometer has been under
construction. Experiments to study thalliumt and thallium™t impurities
and H-centers in alkali halides are planned. The apparatus will also
be used to investigate unexplained lines in the spectrum of Vtt in NacCl
and for molecular ions analogous to FC1l™.

2. Electron and Nuclear Magnetic Resonance Studies

Electron and nuclear resonance techniques have been invaluable aids
in the detection of radiation effects in materials and in the study of
crystalline field effects.
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a. Electron Spin Resonance
- E. Avery, I. Brown, B. Smaller

An important phase in the radiation damage process in
biological and chemical systems is that of the transfer of
energy between similar and dissimilar molecules. Investiga-
tions of the triplet state produced in rigid (glassy) media are
in progress to better understand the migration of energy between
acceptors and donors and the transfer of triplet excitation with
rearrangement of spin state.

A standard pulse height analyzer has been adapted to sort
short-lived signals from an EPR spectrometer from accompanying
"noise". This recent development will be used to study short-
lived free radicals and metastable states produced by pulsed
electron irradiation.

b. Nuclear Magnetic Resonance of Stable or Long-Lived Nuclides
D. O'Reilly, G. Schacher, T. Tsang

Measurements of Knight shifts of alkali metal and N14 nuclei
in metal ammonia solutions are nearly complete. New concepts
regarding the interaction of the unpaired electrons with the
alkali metal ions have emerged from a comparison of this experi-
ment and the theoretical model. The work on metal-ammonia
solutions is related to the study of electron-electron interactions
in solid state physics and has aspects related to the radiation
chemistry of liquids such as water.

Studies of ferroelectric materials_ by resonance techniques
are in progresg. Measurements of the O resonance in Co0 and
MnO and the F19 resonance in KCoF~ at various temperatures have
been interpreted to yield the unpélred electron spin densities
in the oxygen and fluorine 2s orbitals.

¢. Nuclear Magnetic Resonance of Short-Lived Nuclides
D. Connor and D. Davis

A novel technique has been developed at Argonne to study the
nuclear magnetic resonance of nuclides which are too short-lived
for investigation by conventional methods. This technique uses
the anisotropy in B-emission as the means of detgcting and measuring
n%8lear polarization. The nuclear moments of Li®(0.85 sec) and

(11 sec) haYS been determined with the LiF sample at room
temperature .02 sec) is now under study with the sample at
7T7°K. A cryostat suitable for use in the liquid helium region is
under development. Such equipment should make it possible to
study several other short-lived nuclei by this technigque and may
provide a unique microscopic-probe-for radiation effects studies
since the magnetic relaxation time is a function of the crystalline
environment.
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3. Solid State M8ssbauer Experiments
C. Kimball and J. Mullen

Structure-related magnetic and electronic properties of transi-
tion metal alloys are under investi$ation using nuclear resonance
fluorescence. Isomer shifts at FeD! in V-rich V-Fe alloys have been
measured for alloys of 7 to 30% Fe. :

MBssbauer spectra of iron in intermetallic compounds of the a-
manganese structure are being examined as a function of temperature .
to further elucidate the behavior of the isomer shift and the hyper-
fine field with a change in the crystal site and alloying element
above and below the antiferromagnetic ordering temperatures.

é study has been completed of the charge state and environments
of Fe27 ions in NaCl using the M8ssbauer effect as a microscopic
probe to measure in§$rnal crystalline fields and electronic charge
densities at the Pe’!. nuclei. The technique proved to be very satis-
factory and will be applied from time to time to similar problems
with other systems.

B. Experimental Studies of Material Classes

1. The Physical and Chemical Properties of Graphite
M. Dzurus, G. Hennig, and G. Montet

The objective of this work is to increase the basic understanding
of the solid state physics and chemistry of crystalline carbon,
especially graphite. Radiation damage and chemical reactivity studies
are made on both natural single crystals and polycrystalline nuclear
reactor-grade graphite.

A new technique of "decorating" cleaved surfaces of graphite with
gold and subsequent examination in the electron microscope has been
developed and successfully used to distinguish between interstitial
atoms and lattice vacanciles. The method is also being used to deter-
mine vacancy energies, displacement energies, and diffusion constants
in graphite.

Surface atoms of graphite have been displaced by bombarding the
crystals with argon ions of known energy using a low energy bombardment
source originally developed for studying displacement effects in metals.
Preliminary results indicate that the displacement energy of surface
atoms is between 35 and 45 ev.

A technique has been developed using the chemical reactivity of
ozone and graphite to "peel" single crystal graphite samples atomic
layer by atomic layer. The method is being used to study radiation
effects in graphite. Reaction with ozone permits complete removal of
one single layer plane of graphite at a time. Surface reactions with
other materials such as atomic hydrogen and halogens are also studied.

An improved method of autoradiography 1s being developed which,
it is hoped, should permit a resolution of several hundred angstroms in
the detection of the position of 1n3ected radicactive foreign atoms in
graphite crystals.
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2. Electrical and Magnetic Properties of Cubic Actinide Compounds
M. Kanter

Galvanomagnetic measurements on polycrystalline samples of uranium
monosulfide have shown it to be ferromagnetic with a spontaneous
moment of about one Bohr magneton per atom and a Curie point at
178-180°K. The compound has been found to have electrical properties
of a semi-metal with predominant conductivity by positive carriers.
A preliminary band model has been postulated based on two overlapping
bands.

The work will be extended to measurements of thorium sulfide,
uranium phosphide, and their so0lid solutions with US in an effort to
confirm the band structure which has been postulated. Other compounds
such as UC, UN, UAs, and UTe may also be investigated as suitable
samples become available. The work is coordinated with other work at
the Laboratory on phase studies, heat capacities, and thermoelectric
properties in order to lead to a comprehensive understanding of these
compounds which have a potential use as fuels in advanced reactors.

3. Low Temperature Radiation Effects in Hydrogen Bonded Compounds
J. McMillan .

Work in progress covers the study of low-temperature states of
aggregation of hydrogen-bonded compounds, water, hydrogen-peroxide,
hydrazine, alcohols and amines, from the view of their thermal be-
havior (nucleation and crystal growth) and interaction with ionizing
radiation. The magnetic characteristics of the trapped radicals pro-
duced by irradiation are affected by the nature of the matrix (glass
or crystal) and the kinetics of recombination shows some correlation -«
with the thermal behavior during warmup. Large doses of irradiation
(several hundred million roentgen) lead to damage saturation whose
value depends on the temperature. It is intended to determine whether
or not this value depends on the type of aggregation. The technigues
used in these studies are electron spin resonance and thermal analysis.
This work is closely related with interstellar radiation chemistry and
with the storage in outer space of propellants and other materials.

4, Physics of Metals
G. Arai, M. Doyama, S. Eckstein, Y. Eckstein, L. Guttman, R.
Huebener, J. Ketterson, H. Kierstead

The general objective of this program is to gain a more thorough
understanding of metals and alloys especially with respect to their
electronic structure, defect structure and radiation damage, their
order-disorder and phase transformation properties, and their atomic
diffusion processes.

a. X-Ray Diffraction Studies
G. Arai and L. Guttman

Measurements of the X-ray diffuse scattering from a Fe3A1
single crystal. provide information about the state of orderj that
is, the spatial distribution of the two kinds of atoms present,
in -the neighborhood of the critical temperature. The Fe-Al system

shows two phase transitions for the approximate composition of

FexAl. The lower one is at 550°C; the upper one varies somewhat,
abéut 790°C. These studies will be followed by investigations of
other binary systems.
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b. Fermi Surface Studies in Semi-Metals
S. Eckstein, Y. Eckstein and J. Ketterson

Measurements of the magneto-resistance and ultrasonic-
attenuation in bismuth, antimony, and arsenic have been made.
Analysis of Shubnikov-de Haas measurements carried out to 25 )
kilogauss with antimony shows that there are two sets of carriers
both having ellipsoidal character. Similar measurements with
bismuth showed no evidence of a third or fourth carrier. Measure-
ments were alsc made with arsenic but the work is complicated
because of difficulties in obtaining a suitable single crystal.
The capabilities of the ultrasonic and high magnetic field equip-
ment will be extended and future. work will involve studies of
other materials. '

c. Quenching Studies in Metals
M. Doyama, R. Huebener and J. Jackson

The enthalpies of formation and migration of single lattice
vacancies in platinum have heen determined, and estimates have
been made of the vacancy pair binding energy. Defects introduced
in platinum are observed through the changes they cause in the
electrical resistivity and yield stress. The kinetics of aggrega-
tion of vacancies into clusters is being inferred from hardness -
measurements and will be observed by electron microscopy.

Equipment i1s being assembled for studies of the properties
of point defects in copper. The formation energy and the activa-
tion energy for motion of a vacancy in copper will be determined.
The behavior of the annealing will also be investigated.

Thermoelectric measurements with quenched gold wires in the
temperature range 4°K to 220°K have yielded the following results:
(1) vacancies cause a reduction in thermoelectric power; (2) an
appreciable change in the phonon drag part of the thermoelectric
power due to vacancies is observed; and (3) the phonon scattering
cross section of vacancies is one to two orders of magnitude
higher than expected from the mass scattering mechanisms.

d. Low Energy Ion Bombardment
H. Kierstead

A radio-frequency plasma low-energy ion bombardment source
is being used to study the mechanism of displacing collisions at
energies below 100 volts. A series of experiments is now in
progress in cooperation with the graphite research group to deter-
mine the displacement threshold of graphite for ions incident
along the hexagonal axis. Studies will also be made of the range
of displaced atoms produced at the surface of thin evaporated
gold films to better understand the very low energy processes
involved in radiation damage.

o7



C. Interaction of Nuclear and Particle Radiations
with Matter

1. Inelastic Scattering of Subthermal Neutrons
D. Connor and J. Rush

The spectroscopy of inelastically scattered slow neutrons is
unidque as a powerful technique for the study of g&tomic motions in
matter. The cold neutron facility at Argonne, placed in operation in
May, 1963, has produced useful research results on the nature of
hindered rotations in ammonium halides, optical vibrations in ionic
crystals, and lattice vibrations in amorphous solids. A systematic
study of the coherent scattering from polycrystals has been started.

The present preliminary cold neutron facility employs beryllium-
filtered neutrons and a single scattering angle (90°). Current
equipment development work should lead to later major improvements in
resolution (multl chopper velocity selector), neutron economy (51mul-
taneous detection at several angles) and intensity (cryogenic moderator).

New research programs planned include intensive study of molecular
motions in liquids and the study of incoherently scattering (hydrogenous)
molecular single crystals in order to elucidate the compllcated scheme
of lattice vibrations.

2. Radiation Damage to Various Solid Materials
W. Primak, W. Buck and Y. Dayal

) The general goal of the program is a more thorough understanding
of the influence of various solid state structures on sensitivity to
damage. In current studies a variety of radiation sources available

at Argonne are being used to explore and resolve different radiation:
effects. The experimental approach is that of comparing the behavior
of induced properties of various substances as the radiation is altered
in kind and energy.

Studies on silica recently completed or in progress include:
damage and internal stress in specimens exposed in nuclear reactors,
internal stress in particle bombarded silica, surface crazing, ioniza-~
tion-annealing of compacted silica.

The energy dependence of the radiation effect in silica and
germanium is being studied. Lenticular cavities and exfoliation have
been found in corundum, spinel, rutile, and peridot which had been
bombarded with protons or helium ions in the 100 kev region.

The temporary enhancement of the electrical conductivity occurring
when materials which normally are poor conductors are subjected to
ionizing radiation is being studied using the linear accelerator. The
current interest is centered on the solvated electron, or "polaron",
and the "hydrated" electron.
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D. Low Temperature Physics
"0. V. Lounasmaa, H. Kierstead, J. Ketterson and Y. Eckstein

The low temperature physics program includes the studles of
the properties of liquid helium itself and precision low temperature
calorimetric studies of various materials designed to obtain nuclear,
lattice and electron contributions to specific heats. The low
temperature physics. group also operates the Collins liquifier and
furnishes liquid helium to other groups.

Precision measurements of the thermodynamic behavior of helium-4
very near the lambda-curve are in progress using temperature intervals
of the order of 10-5 degrees. Attempts to measure some properties of
sound propagation in liquid helium-3 and helium-4 are underway in
cooperation with B. Abraham of the Chemistry Division.

A helium-3 cryostat is being used for low temperature specific
heat measurements. Investigations on a number of the rare earth metals
in the temperature range 0.4° and 4°K have been very successful.

Studles on other samples will be made. Measurements at still lower
and at higher temperatures are anticipated in future program plans.

E. Solid State Theory

The solid state theory program has as its general objective the
development and application of new theoretical techniques and concepts
and the application of existing methods and concepts to give a better
understanding of the nature of solids. The program is intended to
give a theoretical interpretation of exXperimental results and also to
give aid in the choice of the most important and fruitful . experimental
endeavors. The following projects are typical of the work:

a. Properties of Ionic Solids and Lattice Dynamics
F. PFumi and M. Tosi

The determination of the cohesive energies and the apparent
sizes of ions in the alkali halide crystals, based on the Born
model semiempirical description of the interionic forces, has
been completed. While the electrostatic. interaction of point-
like ions accounts for most of the cohesive energy of typical
ionic crystals like the alkali halides, the description of the
interionic forces involves also terms associated with the overlap
of the electron clouds of the ions, which are of considerable
interest in themselves and of paramount importance in determining
other physical properties of these crystals.

General theoretical expressions for the temperature
dependence of the thermodynamic functions of non-metallic crystals,
and of the associated Debye temperatures, can be derived from
statistical-mechanical principles. A fit of such expressions to
accurate experimental data on the thermal thermodynamic functions
(entropy, thermal energy, and heat capacity) for various types
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6f non-metallic crystals has been undertaken. An 1nvestigation
of the thermodynamic properties of solid argon, leading to a
determination of the first few moments of the vibrational fre-
quency spectrum and of the anharmonic and defect contributions
to the free energy, has been initiated.

b. Dynamics of Atomic Motions in Liquids and Solids
A. Rahman, K. Singwi, F. de Wette and J. Kokkedee

Clues to the understanding of atomic motions in liquids and
solids are furnished by slow neutron scattering, light scattering,
and dielectric dispersion. All three of these fields have been
explored theoretically and the results compared with available
experimental data. The scattering by water of slow neutrons has
been studied extensively. These studies are of great fundamental
importance but also of immediate practical importance t£o problems
of neutron thermalization in reactors. A fast computer has been
used to simulate atomic motions in liquid argon. These studies
have been singularly successful and point to more extensive uses
of computational facilities for further statistical studies of
liquid behavior. Work on dielectric relaxation in polar liquids
from the space-time correlation function approach is also in

progress.

c. Electronic Properties of Solids
F. Bassanli and J. Robinson

The general areas of primary interest continue to be the
direct calculation of band structures both within the one-electron
approximation and as extended to include electron correlation
effects, and the calculation of and extraction of information from
electronic transport properties. Calculations have been completed
of the valence and conduction bands of several III-V compounds
and IV elemental semiconductors and of AgCl. Conduction bands
have been computed, in a point ion approximation, for several
alkali halides.

In degenerate samples of some many-valley semiconductors
the effectiveness of dielectric screening by the conduction elec-
trons can be changed drastically and abruptly by small changes of
donor concentration. A theoretical study of this effect, in
cooperation with S. Rodriguez at Purdue, has lead to a reasonably
complete understanding of experimental results on doped germanium.
The work suggests the strong change in screening should lead to
measurable changes in a variety of other properties, including
NQR and Knight shift and all oscillatory quantum effects in high
magnetic fields.

d. Exchange Coupling and Magnetism
T. Arai

A technique similar to those in many-body problems has been
developed which permits a rigorous calculation of the Heitler-
London energy and exchange coupling to be carried out without

v
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difficulty for insulators and semiconductors in which the spins
and magnetic moments whose alignments lead to magnetic effects
can be localized. That is, a concrete mathematical basis now
exists for the localized model. In metals, the more difficult
question exists as to whether d-electrons are ltinerant or
localized and what the mechanism of the exchange interaction is.
To facilitate such discussion, it 1s proposed to construct a new
method combining the Heitler-London method already developed
with the orthogonalized plane wave approach.

e. Interaction of Sound and Conduction Electrons
S, Eckstein

The propagation of sound in a material containing conduction
electrons produces a direct current of the electrons, proportional
to the intensity of the sound. Expressions have been found for
the acoustoelectric current in a material containing either elec-
trons alone, or containing both holes and electrons. The presence
of external electric and/or magnetic fields was assumed. In some
cases the acoustoelectric current opposes the usual direct current
for amplification of sound conditions. In semi-metals, such as
bismuth, the acoustoelectric current reinforces the usual direct
current for amplifying conditions.

A more complete theory of geometric resonances in the magneto-
acoustic attenuation of sound has been worked out and is proving
useful in the mapping of Permi surfaces. Further.extensions of
the theory are in progress.

f. Ab Initio Calculations on Atoms and Molecules
P. Bagus and T. Gilbert

Analytic Hartree-Fock calculations for all terms of the
ground configurations of He through Nat have been completed, in-
cluding a careful analysis and tabulation of the expansion error
(a erucial point for, subsequent use of these results). Other
work includes the calculation of x-ray states of six selected
atoms; a generalization and systematization of the formalism for
obtaining Hartree-Fock equations for localized orbitals in crystals;
LCAO calculations of the valence bands in certain alkali halides;
and calculation of certain properties of self-trapped holes in
these crystals. The calculations of x-ray states revealed the
interesting and important result that the correlation between
electron pairs depends strongly on the manner in which the shells
are occupied, contrary to the assumption on which many current
analyses of the correlation energy are based.

g. Correction Terms to the Hartree-~Fock Egquation
Lars Hedin

The Hartree-Fock equation for many electron systems can be
regarded as a first approximation to a more general equation where
the energy eigenvalues are the exact excitation energies for the
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system under consideration. The first correction term to the
H-F equation, the Random Phase Approximation (RPA), has been
discussed in considerable detail and evaluated numerically for
an electron gas. The question of the accuracy of the RPA in
the metallic density region has been treated and the corrections
to a band-calculation for a real solid have been evaluated using
the OPW-formalism.
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Scope of Work: A. Liquid Metals ’

J. R. Weeks, S. G. Epstein, A. Paskin

A better understanding of the mechanisms of the reactions between solid
and liquid metals is being sought. This requires further knowledge of the
structural and chemical properties, the migration of solute atoms through
liquid alloys, and the energy of adsorption of liquid metals on solid metals.
During FY 1964, electrodiffusion studies of Ag, Cr, and Fe in Bi have been
completed. Solubilities of Fe, Co, Cr, Cb, Ta, Ti, Zr in Hg were obtained
at temperatures up to 775°C. A stress-sensitive selective leaching of Zr
from Cb~1Zr by Hg and Bi was discovered and studlied. A relationship
between solubility thermodynemics and liquid-solid interfacial energies was
postulated which is potentially useful in predicting systems sensitive to liquid
metal embrittlement; it was predicted (and experiment proved) embrittlement of
Cb and Cb-1Zr in Bi as well as Hg. The small emf's of liquid metal free-energy
cells can be correlated to thermodynamic activities and electrodiffusion
mobilities.

Work on Bi and Hg was termined in favor of a more basic study of liquid
alloys. An experimental and-theoretical program was initiated on a single
systematic series of alloys with Na as a solvent and the remaining alkali
metals plus Cu, Ag, Au, Cd, In, Sn, and Sb as solutes. Properties to be
measured include thermodynamics, molal volumes, electrical resistivities and
Hall constants at constant volume, thermoelectric power, viscosity, diffu-
sivity, and electrodiffusivity. The alloys are selected to evaluate size,
mass, and valence effects on these properties.

B. Fission Fragment Damage

J. J. Kelsch, A. Paskin, 0. F. Kammerer

The mechanisms of fission fragment damage in thin films are being studied.
Theoretical calculations have been made on a model which examines the physical
conditions which enable track formation. Experiments are in progress to test
the details of the model using U235 as the fission fragment source.
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The work is mainly concerned with: (1) creating metal films by evapora-
tion and measuring their thickness, electrical conductivity and particle size
(2) correlating the film continuity and other physical properties of the film
with the ability to produce tracks (3) examining the role of the subsirate in
composite films (4) understanding the role of various layers in a composite
film such as Pt-UO,-Pt (5) studying the ability of fission fragments to produce
tracks in the initial and final protions of their range (6) understanding the
different mechanisms of track formation in insulaetors and metals (7) developing
theoretical models and making quantitative calculations on energy transfer
mechanisms to account for the observations in metals and insulators.

C. Superconductivity

D. G. Schweitzer, A. Paskin, O. Kammerer, M. Strongin

The program is concerned with studying superconducting materials. Efforts
are directed at obtaining information on (1) the role of irradiation defects and
metallurgical structure on superconducting properties (2) flux trapping and
annealing in irradiated and unirradiated type II and type III superconductors
(3) phonon spectra and the energy gap in superconducting materials joined by
thin insulating films (4) Hall effects in the region between E., and H,

(5) superconducting properties of stoichiometric and non- 3
stoichiometric carbides and (6) superconducting behavior of composites of
type IT and type III materials.

Observations have been made of the surface superconductivity in types I
and II superconductors. The ac susceptibility’ technlque has also been used to
study the temperature dependence of the Ginsburg-Landau parameter, which is
particularly important in high-field superconductors.

D. Thermodynamics of Refractory Carbides

S. Aronson

An investigation of the thermodymamic and electrical properties of
refractory metal carbides, nitrides and borides is underway. Nonstoichiometric
regions in these compounds are being studied in an effort to obtain a better
understanding of the nature of the chemical bonding and electronic structure
in these compounds.

The free energies, entropies, and enthalpies of formation of thorium
monocarbide and thorium dicarbide have been obtained fram measurements on
solid electrochemical cells at 800-1000°C.

E. Mechanical Properties of Body-Centered Cubic Metals

J. G. Y. Chow and S. B. McRickard

This program is concerned with studying the effect of neutron irradiation
on the mechanical properties of body-centered cubic metals. Pure Fe and other
metals with the bec lattice structures are being presently studied. The effort
is directed at obtaining information about: (1) mechanism of irradiation

hardening, yielding and plastic deformation, embrittlement, fracture, and
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increase in ductile-to-brittle transition temperature; and (2) the micro-
structure and dislocation substructure as revealed by the electron microscope.

F. Irradlation Damage in Graphite

D. G. Schweitzer, S. Aronson, R. M. Singer

The objectives of this program are to determine and understand the
neutron-induced property changes in irradiated graphites. These studies
include an investigation of the defects produced and their reactions upon
further reirradiations and annealing. The studles involve analysis of
dimensional, lattice, stored energy, thermal electrical, magnetic and oxi-
dative changes in these types of graphites. :

G. Mechanism of Gas Diffusion in Carbides

A, Auskern

The object of this program is to study diffusion mechanisms in carbides.
The technique of rare gas diffusion is being used, employing xenon 133. The
gas may be introduced into the solid by uranium fission recoil. Diffusion
coefficients are a function of the subsequent rate of release of the xenon
from the carbide.

In addition to the diffusion experiments, much effort is spent in
preparing suitable materials, characterizing them, and investigating any
properties which might have an effect on diffusion.
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Scope of Work:

The basic aim of 'this solid state research program is the understanding of the
interaction of neutrons, charged particles and ionizing radiations with solids,
Such understanding is of fundamental as well as practical significance. The general
program is conveniently divided into three complementary activities, A, Radiation
effects, produced by reactor and y-irradiations, are being studied by means of
changes in many physical properties. While the main emphasis is on radiation effects,
other departures from perfect periodicity are under active investigation, Metals,
insulators and organic materials are being studied by a variety of techniques.
B, Neutron diffraction and neutron inelastic scattering are being used for struc-
tural studies on metallic, magnetic and ferroelectric crystals., These studies are
directed at fundamental questions in the theory of solids, theory of magnetism and
the character of crystal transitions. C. Theoretical work, closely related to the
overall program, is in progress on a variety of problems within the field of defects
in solids, vibrational spectra of crystals and magnetism.

A. Radiation Effects

1, Optical and Resonance Studies of Insulators.
P, W. Levy, P. Townsend, S. Kalbitzer.

The study of the effects of strain on color center formation and the effects of
radiation on mechanical properties in the alkali halides is being continued. Recent
results indicate that straining a NaCl crystal modifies the well known relation be-.
tween the M-center and F-center concentrations, This relation is usually stated as
follows: The M-center concentration gy is proportional to the square of the F-
center concentration gp, or oy = (const)j . A modified form of this equation
ay = (const)g a% + (const), applies to crystals that have been strained. It was
found that the additional term, (const);, increases with increasing strain. The
exact dependence is yet to be determined. As an example of the effects of ir-
radiation on machanical properties, the changes in yield point of NaCl with in-
creasing gamna-ray dose have been investigated. The yield stress, Y, of un-
irradiated NaCl is about 10-30 Kg/cmz. It increases monotonically with increasing
gamma-ray dose to about 200 Kg/cm2 for irradiations of 6 x 10’R. There is a large
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change in slope at about 5 x 106R which is apparently related to the defects present,
This can be demonstrated by the behavior of M-centers. In crystals subjected to less
than 5 x 106R, the M-center concentration, which is relatively low, decreases with 6
time after the irradiation. In contrast, in crystals subjected to more than 5 x 10°R
the M-center concentration is about four times larger and increases after the ir-
radiation is completed.

The gamma-ray irradiation facility, which provides a means of making optical ab-
sorption measurements on samples while they are being irradiated, is being used to
study the growth and annealing of F-centers in KCl, The study of the formation of F-
centers as a function of dose rate at room temperature has been completed, The
initial coloring was found to be proportional to total dose, i.,e., independent of dose
rate. In this region approximately 100 eV must be deposited in the crystal by the
gamma-ray field to produce one F-center. The initial portion is followed by a region
in which a steadily increasing dependence on dose rate prevails. The stability of the
KCl F-center at room temperature was determined by coloring the crystals to saturation
and then "turning off" the gamma-ray field. The F-center concentration is then
measured for periods of time which extend from a few seconds to several days. There
is an initial rapid decay, which is roughly the same in all crystals, followed by a
very slowly decreasing component, From isothermal annealing measurements the kinetics
were found to be bimolecular suggesting that the F-centers are destroyed by the re-
combination of the electrons trapped on vacancies with the holes that have formed
V-centers, This mechanism is supported by the observation that the V-centers are
formed by irradiation and disappear as the F-centers disappear.

Detailed electron spin resonance studies are in progress on sodium bromate,
Large crystals of this material have been grown. These are so pure that it has been
impossible to detect any ESR signals in them prior to irradiation. When a pristine
NaBrO3 sample is irradiated with ultraviolet light at room temperature, it becomes
colored, but an ESR signal is not detected. If the sample is then irradiated with
gamma rays, its color is increased but still no ESR signal is present., When the
crystal is then subjected to additional ultraviolet light an ESR signal grows in
until it reaches a saturation level and ddditional color is developed. Upon re-
petition of this process it is found that the saturation level ESR signal and the
color center concentration are nearly proportional to the total gamma-ray dose.

2. Effect of Irradiation on Solid State Reactions
G. J, Dienes, A, C, Damask, R, A, Arndt

A study of the effect of neutron irradiation of Al-Cu, a precipitating alloy,
is in progress. It was anticipated that the severe local damage associated with a
displacement spike could serve as a nucleus for precipitation and that an accelera-
tion of the precipitation process could be observed. (This effect has been observed
and studied in Fe-C alloys at this laboratory). Preliminary experiments on a Al-Cu
(1%) alloy have shown that neutron irradiation of about 1016 nvt (fast) causes the
resistivity decay curve at 110°C, associated with the late GP zone or early 6' phase,
to be accelerated by a factor of 2 to 3, The irradiations are performed at ambient
temperature and the annealings are performed outside of the reactor following the
irradiation, The results therefore indicate that the observed acceleration cannot
be caused by enhanced diffusion and must be associated with some microscopic struc-
tural change in the alloy.
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3. Effect of Irradiation on Diamond
D. T. Keating, R. Perret.

Measurements on the small angle scattering of x-rays from single crystals of
irradiated diamond are in progress. These measurements using film techniques are
being used to survey the effects of neutron exposure and crystal orientation on the
small angle scattering. Small angle x-ray scattering measurements yield information on
the nature of defects by giving a measure of the fluctuation in the density from the
mean density as a function of correlation distance.

4, Effect of Irradiation on Oxganic Crystals
R. A, Arndt, A, C. Damask,

The basic techniques for the study of the electrical properties of organic
crystals have been developed and the measuring apparatus assembled. It was recognized
that the organic crystals had to be of very high purity to exhibit reproducible pro-
perties., Precipitation procedures by chromatographic columns, vacuum sublimation,
and zone refining were established, as well as crystal growing techniques to produce
single crystals of desired orientation. Anthracene crystals containing less than
10 ppm of impurities have been grown.

B. Neutron Diffraction

1. Magnetic Structures
R. Nathans, G, Shirane, H, Alperin, S. J. Pickart.

Detailed measurements are being made on a natural single crystal of fazalite,
Fe2Si04, since powder data gave evidence of a non-collinear antiferromagnetic spin
arrangement, The temperature dependence of the intensities of magnetic reflectlons
shows that one component of the antiferromagnetic arrangement appears around 60° K,
followed by the other at 30-40 °%. Non-collinear maguetic structures have also been
found over a wide composition range between ferromagnetic CrTe or MnSb and anti-
ferromagnetic CrSb, Detailed measurements as a function of temperature have been
made on selected compositions in order to determine the direction and magnitude oi
the various spin components.

Several spiral type oxides containing predominantly Cr3+ on octahedral sites
have been studied. FeCr204 has a cone spiral type of spin structure, in agreement
with theoretical predictions and indicating relatively strong negative exchange
interactions between the Cr ions. FeCrS,, however, is a simple Neel type of ferri-
magnet,

The spin structures of the binary fluorides with chemical formula XMnF3
X = Na, Rb, Cs, and NHy) have been investigated by means of powder neutron diffrac-
tion measurements at low temperatures. Considering only the lattice of Mn2t ions
and neglecting the departures from cubic symmetry, we find the antiferromagnetic
lattice of the compounds with X = Na, Rb, and NH; to be of the same basic type. It
consists of a doubling of the unit cell in three directions, so that each Mn spin
is surrounded by six antiparallel nearest neighbors, as was found previously for KMnFj.
CsMnF3, however, is related to the hexagonal modification of BaTiO5 in which the
hexagonal stacking sequence is altered. The antiferromagnetic ordering is confirmed
by neutron diffraction.

A diffraction study of a single crystal of gadolinium has removed an ambiguity
in the magnetic structure of this metal. A single crystal disc of Gd cut parallel
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to (00.1) has been studied in zero magnetic field. A careful search along and per-
pendicular to the c-axis in the neighborhood of tge (00.2)oref1ection has failed to
reveal any satellites in the temperature range 77 K to 290°K. Thus, unlike the rare
earth elements from Tb to Tm, gadolinium is a normal ferromagnet. Above 248°K the
moment is aligned along the c-axis. Below this temperature the moments make ag
angle with the c-axis which reaches a maximum of 75° at 195K and approaches 30°

4°K.

2. Spin Density Distributions
G. Shirame, R. Nathans, H. Alperin, S. J. Pickart,

The unpaired electron density in the intermetallic compound ZrZn,, reported to
be ferromagnetic by Matthias and Bozorth, has been investigated. The magnetic
scattering is very small but is readily observable with the highly sensitive polarized
beam technique., The results show that the moment is almost entirely on the Zr atoms
and is more diffuse than one would expect for a 4d electron distribution, suggesting
possible polarization of the 5s conduction band. Moreover, there is definite evi-
dence for movement of electrons into the tetrahedral bonds joining Zr atoms; the
considerable spin density along these bonds indicates that a localized model is in-
~appropriate for explaining the ferromagnetism.

The distribution of magnetic moments in the Fe-Rh system has been investigated
by neutron diffraction in the composition range between 35 and 50 atomic % Rh.
These alloys have chemical order of CsCl type; the body corner positions are occupied
by Fel atoms and the body centers by Rh and FeIl. The magnetic moments. in ferro- i
magnetlc alloys containing 35, 40 and 48% Rh are upet = 3.1 pp, kperr = 2.5 npg and

= 1.0 wp at 25°C, The moment of the Fel atom in the 50% Rh alloy, which is -~

antiferromagnetic at room temperature, increases to 3.3 up. A detailed study of
the unpaired spin density distribution in the 487% Rh alloy was made by the polarized
beam technique. While the Fel atom has a nearly spherical density distribution,
that of the Rh atom shows a strong tendency towards eg symmetry.

3. Non-magnetic Structures
B. C, Frazer, A, Goland, B. Mozer, G., Will, R, Segnan, D, Cox,

"A number of crystals having the tetragonal scheelite structure have been
examined by X~rays. These studies have yielded the heavy atom positions, but in
most cases the oxygens could be located only from packing considerations, and in all
cases the uncertainty in the oxygen position is quite large. With neutron diffrac-
tion data direct refinement of all parameters is possible. Starting with the oxygen
coordinate parameters of Sillén and Nylander, a preliminary set of single crystal
(h0l1) neutron data was refined by least squares to yield x = 0.2417 + 0,0007,

y = 0.1522 + 0,0009, z = 0,0861 + 0,0002, These may be compared to the set proposed
by Sillén and Nylander: x = 0,25 + 0.02, y = 0.15 + 0.02, z = 0.075 + 0.015. An
appreciable change is noted in the z parameter although the neutron value falls
within the rather large estimated error limits, While the new results appear to be
quite reliable, some further study will be carried out to investigate possible ex-
tinction effects using the original ¢ axis crystal and another crystal in a [110]
orientation,

Scattering of cold neutrons by light water and salt solutions is under investi-
gation by means of the filter-cutoff technique, The method has been refined in order
to make optimum use of the low flux of cold neutrons provided by the Brookhaven
Graphite Reactor, and to remove certain experimental uncertainties encountered by
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others using the same technique. Energy resolutions of 2.5 percent and one percent
have been achieved, Broadening of the quasielastic peak has been observed as a
function of scattering angle, but no evidence of low-energy quantum transitions has
been found. Measurements on a concentrated solution of NaCl do not show a decrease
in the broadening although it is known that the coefficient of self-diffusion of H,0
in this solution is about 25 percent less than the pure water value, The data are
being compared with various theories of cold-neutron scattering by liquids.

Room temperature Mdssbauer spectra have been obtained for Fe57 in the following
h.c.p. metals: Cd, Co, Dy, Gd, Mg, Ru, (Se), (Te), Ti, Zn, €037 was diffused into
these metals and used as the source. The absorber was 3.85 mg/cm? of ferrous potas-
sium cyanide. The isomer shift and the quadrupole splitting give information about
the charge density and electric field gradient of the conduction electrons at the
iron nucleus, The field gradients determined from the experiment show a c/a de-
pendence in qualitative agreement with De Wette's calculation for a point ion model
and a uniform conduction electron density. The isomer shifts obtained from the’
measurements are not fully explained by using conduction electron densities of the
pure host metals. The measured isomer shifts could be explained if the iron impurity
is considered to be charged and screened by the conduction electrons of the host 57
metal, The screening charge would also contribute to the field gradient at the Fe
nucleus and might account for the differences in the observed field gradients and
De Wette's results, ’

Cold neutron inelastic scattering experiments have been performed on niobium
and molybdenum., Estimates of the vibrational frequency distribution have been ob-
tained from these experimental data.

Considerable effort hasg been directed towards the organization of the materials
laboratory, particularly with respect to providing facilities necessary for the
growth of a wide variety of single crystals of suitable size for neutron diffraction
investigations, Facilities now include an arc-melting furnace, Bridgman and Czochralski
(crystal pulling) equipment, various other high temperature furnaces, a hydrothermal
unit and an electron beam zone melting furnace. A Spark erosion machine for strain-
free cutting and shaping of metal samples, and a controlled atmosphere "dry-box'" for
handling sensitive materials have been acquired recently.

C. __Theory

1, The Dynamics of Radiation Damage
C. Erginsoy, G. H. Vineyard

Studies on the dynamics of radiation damage in b,c.c. lattice (y-iron) have been
continued and extended to higher knock-on energies. The probability of di-vacancy
production by a 100 eV knock-on was calculated by running over fifty dynamic events in
a large variety of initial directions to simulate isotropic distribution., At higher
energies the effects of lattice anisotropy on the number of defects created was )
studied, A sequence of non-productive replacement sequences is caused by a knock-on
in a penetrating direction, i.e., between the low-index crystal directions.

Recent experiments show that a small fraction of a beam of heavy ions incident
on a clean single crystal surface penetrates deeply (several microns) into the crys-
tal lattice. Such collisions provide a new means of studying the non-adiabaticity of
slow atomic collisions involving large angular momenta. Unique conditions exist in
channels beQ?use (a) impact parameters are independent of ion energy and are precisely
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known, (b) the same atom makes a rapid succession of collisions with essentially
constant impact parameter and kinetic energy. Calculations show that rare gas atoms
can be multiply excited in their outer shells and lose electrons by auto-ionization
in such collisions. A consequence of this process is enhanced penetration into the
crystal lattice because the interaction potential governing their slowing down will
be greatly reduced after ionization., A model based on such collisional excitation
and auto-ionization of channeled atoms explalns the observed experimental results
satisfactorily.

2. Point Defects and Interstitial Atoms in Iron
R. A, Johnson, A. C, Damask, G. J. Dienes.

Calculations concerning the nature of point defects have been carried out with
"a lattice model simulating g-iron using high speed computer techniques., Iron inter-
stitials, carbon interstitials, lattice vacancies, and various small clusters of
these have been studied. The atomic configuration, the motion energy, and the motion
volume have been determined for the different defects, and agreement with experiment,
where available, is good., The iron interstitial migration energy was found to be
0.3 eV, which indicates that Stage I radiation damage annealing in g-iron proceeds by
free interstitial migration. The carbon interstitial calculations tend to confirm
and augment the model proposed to explain experimental results on the iron-carbon
system, The iron-carbon interaction was represented by a cubic equation with the
parameters chosen to yield the experimental value for the carbon migration energy
and activation volume, and the binding energy of a carbon atom to a vacancy. With
this model the approximate experimental value of the energy of a carbon atom in
solution in iron relative to Fe3zC was obtained, When the constants of this form of
the iron-carbon potential are scaled to nitrogen in iron and nitrogen in vanadium,
the experimental activation volumes for diffusion of nitrogen, effectively zero in
iron and 0,14 atomic volumes in vanadium, are obtained.

3. Defects in Alkali Halides
G. J, Dienes, R, D. Hatcher.

The distortion around and the relaxation energy for a c1® interstitial atom in a
NaCl lattice has been obtained for various positions of the c1® by a method involving
the exact calculation of electrostatic, polarization, dipole-dipole and repulsive
energies., The relaxation of the order of twenty neighboring ions has been taken into
account, The following positions of the Cl were investigated: the cube center, the
face center and various positions along the cube and face diagonals. The cube center
and cube diagonal positions were always found to be stable relative to the face
center and face diagonal positions. There are two energy minima of almost the same
value along the body diagonal, one in the center of the cube and one straddling a cl”
lattice position. These two minima are separated by a potential barrier of about
0.2 eV, The energy differences for the various configurations along the face di-
agonal are small with the face center the position of lowest emnergy. The face center
position is metastable with respect to the body centered position by about .03 eV,
The energy difference between the body centered and face centered positions is 0.44 eV,
giving an activation energy along this line of motion of 0.47 eV,

4, Theoxry of Fission Track Formatibn
A, Goland, A, Paskin,

A model has been proposed to explain fission-fragment tracks in thin poly-
crystalline metal films. The model predicts that the fragment energy will be trans-
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ferred to the electrons within a crystallite, and thence to the lattice, causing
evaporation provided certain conditions are satisfied. One is that the energy per
atom imparted to the lattice by the electrons exceeds the sublimation energy.
Another, is that the competing process of thermionic emission from the crystallite is
quenched because the crystallite becomes charged, The latter condition implies that
tracks will be observed in thin films of high resistivity, but not in those whose re-
sistivity is about equal to the bulk value,

5. Theory of Magnetism
M. Blume, A, Honma

The theory of polarized neutron scattering was extended to include spin-orbit
scattering of neutrons., This was motivated by a recent experiment in which inter-
ference between spin-orbit and nuclear scattering was observed. The theory shows that
in magnetic substances an additional effect due to interference between spin-orbit and
magnetic scattering should be observable in a number of substances. This will pro-
vide a means for the mesasurement of the spin-orbit scattering amplitude. The theory
of spin-orbit coupling in atoms was developed for rare-earth and 4d shell atoms and
ions. Calculations of coupling constants from first principles showed good agreement
with experiment. The spin-orbit coupling constants were related to hyperfine struc-
ture constants,

The spin-spin interaction in paramagnetic ions has been analyzed in detail, Cal-
culations show that this interaction is of lesser magnitude than had previously been
believed. A . table of the spin-spin interaction constant for iron-series ion has been
prepared. The theory of polarized neutron scattering by targets in which both the
electrons and nuclei are polarized has been completed and has been used in the analysis
of a transmission experiment on Holmium,

6. Density of States

B. Mozer

X-ray emission spectra of metals have been used to deduce properties of the
density of electron states below the Fermi energy. The density of electron states as
deduced from X-ray emission spectra is expected to be different from the density of
electron states of the metal in the ground state. This difference is caused by the
hole in the valence band which perturbs the conduction electron density, especially
in the vicinity of the hole. An approximate calculation of the perturbed density of
states has been carried out by considering the hole in the valence band as an ex- ’
tremely localized impurity in the metal. The weighted density of electronic states
associated with this impurity was derived in terms of a Green's function for the pure
metal expressed in the Wannier function representation., The method has been used to
obtain the perturbed density of states of Lithium using the density of states cal-
culated by Ham for the pure metal,
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Contractor: Hanford Atomic Products Operation, General Electric
Company, Richland, Washington

Contract Number: AT(45-1)-1350

Present Contract Term: July 1, 1963 through June 30, 1964 (Fiscal year 196.4)

Cost to AEC: . $150,000
Contract Title: PLUTONIUM PHYSICAL METALLURGY RESEARCH
Investigators: T. X, Bierlein, R. D. Nelson, ¥, E, Bowman,

H. E. Kissinger, and B. Mastel

Scope of Work:

This program is aimed at obtaining fundamental information on the physical
metallurgical properties of plutonium, unalloyed and alloyed. Plutonium phases
afford an opportunity for investigating monoclinic structures and the relation-
ship between these structures and to various metallurgical properties.,

The major effort is directed in two interrelated areas of investiga=-
tion: (1) phase transformation and associated phenomena, and (2) processes
and effects of deformation in monoclinic plutonium. A secondary effort is
devoted to the development and application of a variety of supplemental
techniques necessary for solving the relatively unique problems associated
with the study of plutonium: optical and electron microscopy, X-ray diffrac-
tion, fractography, mechanical deformation, and precision density measure-
ments, Electrorefined plutonium and as-reduced and vacuum-cast plutonium
constitute the major source of the pure metal under investigation.

The time and temperature dependence of the various' phase transformation
kinetics have been established, and factors affecting the extent of physical
demage during phase transformation and thermal cycling have been determined.
Textured alpha plutonium will be employed in an investigation on the aniso-~
tropy of various physical properties of plutonium, Additional information
on the mechanism of transformation of plutonium will be derived from changes
in texture due to transformation. Studies of deformation and recovery
processes, including stress relief, recrystallization and grain growth,
will be pursued. The activation energies for normal creep in the plutonium
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allotropes have been evaluated and experimentation will continue in the area
of transformation creep, The effect of controlled additions of alloying
constituents up to 0,1 atomic percent on the terminal kinetics of the beta —
alpha transformation, which proceeds athermally, will be explored.
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T, K. Bierlein and G. E, Miller, "Metallographic Application of a Thin
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R. D, Nelson, C. R.-Becker, and T, K. Bierlein, "Density Determina-
tions of Plutonium," HW-80841, Februsry 196k,

R. D. Nelson, F, E, Bowman, and T. K. Bierlein, "Physical Damage of
Plutonium," HW-80808, February 1964,

R. D. Nelson, F, E. Bowman, and T, K. Blerlein, "Steady State Creep
of Plutonium," HW-80952, February 1964, .
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Contractor: Hanford Atomic Products Operation, General Electric
Company, Richland, Washington

Contract Number: AT(45-1)-1350

Present Contract Term: July 1, 1963 through June 30, 1964 (Fiscal year 1964)

Cost to AEC: $138,000
Contract Title: RADIATION EFFECTS ON METALS
Investigators: T. K. Bierlein, H, E, Kissinger, J. J. Laidler,

and B, lMastel

Scope of Work:

The purpose of this program is to establish how neutron bombardment
damages metals, how changes in the damage state occur during subsequent
annealing treatments, and how impurity content influences the damage and
recovery processes., Molybdenum, 99,99 percent pure, containing various
amounts of carbon, nickel ranging from 99.} to 99.997 percent purity with
various substitutional impurities, and rhenium, 99.99 percent pure, to
vhich tungsten or molybdenum will be added for decreasing stacking fault
energy, are under study.

Program activities involve single crystal and polycrystelline specimens
of these three metals, examples of different crystal systems, Information
about the nature and degree of radiation damage and the postirradiation
annealing mechanisms is obtained by correlating the results from various
experimental techniques, such as transmission electron microscopy, X-ray
analysis, mechanical testing, and stored energy release and electrical
resistivity measurements,

The major portion of the experimental work to date has been performed
on molybdenum. Transmission electron microscopy has revealed spot defeets
and loops in irradiated polycrystalline and single crystal specimens, The
concentration of the defects as a function of irradiation dose and carbon
content and their disappearance as a function of thermal treatments are
being studied, Carbon appears to act as a nucleating agent for the defects
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during irradiation up to 1019 nvt. Accurate lattice parameter and length
change measurements are supplying additional information on the nature of
the defects present in irradiated molybdenum. After small amounts of
deformation, the irradiated molybdenum develops 'channels™ within the
defect structure, The mechanism of Tormation of these channels is cur-
rently being investigated. Explanations for the easy glide region and
coarse slip lines observed in irradiated molybdenum single crystals are
being advanced.

The combined effect of impurities and excess vacancies on the yield
strength of nickel is being investigated as a precursor to irradiation
experiments, The tendency for clustering of quenched-in vacancies is
greater the higher the purity of the nickel; the hardening attributed to
clustering of vacancies is reduced by the presence of impurity atoms.
Mechanical property tests on quenched and aged specimens are being aug-
mented by transmission electron microscope studies,

Future activities in the program will include studies of thermally
activated deformation in irradiated molybdenum and nickel by strain-rate
cycling techniques, These two metals, as well as rhenium, will be irra-
diated at controlled, elevated temperatures, and tests analogous to tnose
being performed on specimens irradiated at 60 C will be conducted.
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Contractor: California, University of, Lawrence Radiation Laboratory

Contract Numbers W-ThOS-eng 48
Present Contract Term: July 1, 1963 through June 30, 1964 (Fiscal Year '1964)
Cost to AEC: $1,138,000.00

Contract Title: Basic Research on Metallurgy and Materials in the Inorganic
Materials Research Division of the Lawrence Radiation Labora-
tory.

Investigators: L. Brewer, A. Searcy,and Associates

Scope of Work: The various program areas described below represent the current
interests of the principal investigators associated with the Inorganic Material:
Research Division.” Almost all of the principal investigators are University
staff members. More than two-thirds of the research staff are graduate students
and temporary post-doctoral investigators. The overall program of the Inorganic
Materials Research Division, including a Chemistry program of comparable size to
that in metallurgy and materials listed here, is coordinated to meet two objec-
tivess +to provide a fertile interdisciplinary atmosphere for basic research
accomplishment, and to prepare and train new talent in broad areas of fundamental
research.

A. Properties of Metals and Alloyé

1. Kinetics of Dislocation Mechanisms
John E. Dorn

The major objective of this research program in mechanical behavior is the
determination of the various dislocation mechanisms responsible for the plastic
behavior of crystalline materials. This study requires consideration and develop-
ment of suitable theories of dislocation mechanics, critical investigations of
mechanical behavior of crystalline materials (particularly the determination of
activation energies and volumes for deformation) compiled with auxiliary X-ray,
metallographic and electron microscope evidence so directed as to provide documen-
tation, and identification of the strain rate controlling deformation mechaniems.
Specific areas of current interest include:

1. Mechanisms of low temperature prismatic slip in alpha solid solutions
of Ii in Mg.

2. On the low-temperature deformation of polycrystalline aluminum.
3. High-temperature creep of iron and iron alloys.

L. Recovery of creep induced substructures.
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5. Effect of crystal orientation on strain hardening of aluminum.
6. The mechanism of deformation of AgMg at elevated témperatures.
T. Dynamic behavior of crystalline materials and plastic wave theory.

8. The rate-controlling mechanism of slip in the intermetallic cbmpound
Ag-Mg at low temperatures. '

9. Mechanism for thermally activated slip in AggAl«
10. On the role of dislocations in the recovery of cold-worked aluminum.
11. Theory of dislocation constriction processes.
12. Impact of dislocation theory on engineering.
13. DNucleation of kink pairs and the Peierls mechanism of plastic deformation.
14k. Recovery of creep resistance substructures.

2. The Fundamental Principles of High Strength Materials
Earl R. Parker

In general, high strength materials tend to be brittle. From theoretical
considerations, however, it has been concluded that high strength and ductility
are not incompatable. Dislocation theory, in conjunction with alloy theory and
control of process variables, can lead to an understanding of factors that con-
trol ductility in high strength alloy systems. The following areas of experimental
research are intended to elucidate flow and fracture processes in complex multi-
phase alloy systems:

1) Nitrogen Martensite: Zone refined single crystals of austenite with
known orientations are being nitrided and subsequently transformed to produce
a few large plates of nitrogen-martensite. The control of composition and
orientation of both the austenite and the martensite in bulk and thin films
permits a relatively unambiguous and detailed study of the structural features
of martensite. ' :

2) Theory of the Strength of Martensite: The currently accepted location
of the interstitial carbon atom in martensite is between two iron atoms on the
long edge of the unit cell. The space available at this position is considerably
smaller than that of the adjacent site. A theoretical analysis has been made
which shows conclusively that not only is the carbon in the more suitable tetra-
hedral site, but that carbon atoms form pairs in continguous tetrahedral sites.
Using the concept of carbon pairs, precise agreement of calculated and experi-
mental lattice parameters has been obtained. Also, the model accurately predicts
the crystal structure and lattice parameters of metastable epsilon carbide.

3) Internal Oxidation of Silver Alloys: Preliminary work on Ag-1 at %
Mg-0 using transmission electron microscopy revealed no discrete particles in
the system, even though hardening on oxidation is substantial. However, individual
particles can be seen in internally oxidized Ag-1l at % Cd alloy. These two
systems have been chosen for the study of dislocation-obstacle interaction.
Cottrell-Stokes type of experiments are being carried out to study dislocation-
obstacle dynamics.
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3. Relation of Substructure to Properties of Crystalline Materials: Electron

Microscopy.
Gareth Thomas

The relation of substructure and in particular lattice defects (dislocations,
stacking faults, vacancies, solute atoms) t0 properties can be conveniently studied
by employing the powerful technique of transmission electron microscopy which
enables details of the order of 5 R or greater to be resolved. The general areas.
of research are as follows: :

1) Body-Centered Cubic Materials: The effect of interstitial impurities
upon dislocation arrangements of bce metals and solid solutions and their effect
upon mechanical properties.

2) Stacking Fault Energy: The stacking fault energy of fcc solid solutions
is a function of composition and solute atom distribution. .Estimates of SFE can
be made from node measurements on electron micrographs. At present the following
factors in relation to SFE are under investigation: (a) short range order;

(b) mechanical twinning in shock loaded metals; (c) temperature.

3) Impurity-Vacancy Interactions: The concentration of quenched-in vacancies
is a function of solute atom kind and concentration. The important parameter is
the binding energy between vacancies and solute atoms. Estimates of this '
parameter can be made from dynamic measurements of dislocation climb rates using
hot stage microscopy. The data will also be useful in understanding phenomena
such as recovery and creep.

4) Defects in Silicon: This work is being done to understand the types
and origin of lattice defects in undoped and doped epitaxial silicon.

L. Dislocation Studies
Jack Washburn

a. Dislocation Motion in Crystals Containing Vacancy Clusters

When dislocations move during plastic deformation, clusters of vacancies are
left behind as part of the damage that causes strain hardening. Similar defects
are also the cause of radietion hardening and are produced by quenching a crystal
from elevated temperature so as to trap thermal vacancies. However, moving dis-
locations can also destroy some of these defects.

Therefore an understanding of the detailed interactions between moving
dislocation and vacancy clusters of all sizes, from a divacancy up to voids
or dislocation loops consisting of < 103 individual vacancies, is fundamental
to any real understanding of yielding and slip band growth in crystals.

Research in this general field during the year 1964 will be concentrated on
the following measurements: (1) A study of the growth of vacancy clusters or
small voids in quenched copper during low temperature aging. ©Small angle x-ray
scattering techniques will be used. (2) Quantitative measurement of dislocation
mobility in copper crystals containing vacancy clusters of known size.

b. Theory of Strain Hardening i
Quantitative theories of strain hardening, the most successful of which has

been that due to Seeger, have concentrated on an explanation of the second stage

linear hardening of face-centered-cubic crystals; in particular those that have
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been carefully annealed so as to produce initially a small density of dislocations.
So far it has nhot been possible to propose more general theories because of the
complexity of the changes in defect substructure that take place during plastic
deformation. The shape of a stress-strain curve depends on so many variables that
in spite of the vast amount of work in this field there are important aspects of
the problem that have not been quantitatively studied.

Our research in this area during 1964 will consist of the following specific
investigations.

1) The effect of initial dislocation substructure on yielding, on the
hardening rate during stage 1 and on the transition to stage II will be studied
using pure copper single crystals.

2) Experiments utilizing surface observations of slip bands will be conducted
in an attempt to find out whether or not changes in the shape of stress-strain
curves can be correlated with changes in the distribution of strain.

5. Growth of Deformation Twins
Jack Washburn

Although the formal crystallography of twinning is well established, the
mechanism of deformation twinning when considered on an atomic scale is far
from being understood. In this respect our knowledge of twinning lags far
behind our knowledge of deformation by slip.

Experiments are at present in progress to study the thickening of twin
lamelae in zinc specimens deformed in tension. Normally this process cannot
be studied closely because it occurs immediately after nucleation, under a rapidly
decreasing load, and is accompanied by the nucleation of other twins. A tech-
nique has been developed for producing properly oriented cylindrical zinc tensile
specimens the gauge section of which is traversed by a single twin lamella.

On deforming such a specimen at 20°C with the tensile axis in the basal
plane the only process observed is the thickening of the twin lamella. This
occurs by the smooth propagation of the two parent-twin interfaces at a constant
load.

It is hoped to study the effect of shear stress and temperature on the
rate of twin boundary propagation and to investigate the effect of grown in
or introduced dislocation structures on the mobility of these boundaries.
Present experiments are using specimens of 99.999% pure zinc.

6. The Design of High Strength Materials From Fundamental Principles
Victor F. Zackay

The requirements for tough, ductile, high strength solids can be deducted
from dislocation theory. By combining a knowledge of the thermodynamics and
kinetics of phase transformations in metals with the precise control of process
variables such as temperature, composition, and deformation, "ideal" microstruc-
tures can be approximated and the associated properties compared with those pre-
dicted from theory.
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The following programs comprise the effort currently being .devoted to the
study of complex high strength solids.

1) Elevated Temperature Strain Aging: Highly alloyed martensitic steels
are being strained varying amounts at different strain rates and temperatures.
The volume fraction of finely dispersed carbides is significantly increased by
this kind of processing.

2) The Spinodal Transformation: A characteristic of the spinodal transforma-
tion is the formation of composition gradients in a single phase solid. By
appropriate choice of alloy systems, a ternary element can be diffused into the
binary spinodal alloy. Compounds formed by this process are in a three-dimensional
grid and the array can be closely controlled. The interaction of dislocations
with grids of hard particles is being studied in both bulk and foil specimens.

3) The Liquid-Solid Transformation: The liquid-solid phase transformation
can also be employed to produce controlled arrays of hard particles in ductile
solids. One such system is that of aluminum and silicon w1th phosphorus added
as an inoculant.

4) The Theoretical Strength of Solids: A comparison of the theoretical and:
actual strength-weight ratios of the common structural metals over a wide range
of temperature has been made. The discrepancy between .the theoretical and the
actual strength-weight ratios at room temperature were shown to vary by factors
ranging from approximately 3 for Fe and Ti, to about 40 for Be.

5) The Straln Hardgnlng of Iridium: The metal, iridium, has a high
elastic modulus (74 X 10 psi), is chemically inert, oxidation resistant to
about 1000°C, and is reported to have an exceptionally high rate of work-
hardening.

B. Properties of Ceramics

1. Physical Ceramic Resesrch
Richard M. Fulrath

This project is concerned with a study of the properties of polycrystalline
and multiphase ceramic materials. A major effort is directed toward characteriza-
tion of the microstructure of ceramic materials and understanding how a specific
microstructure is formed. The mechanical properties and diffusional characteris-
tics of polycrystalline and multiphase ceramics are strongly dependent on the
microstructure and are of primary concern.

Specific areas of interest include:

1) Studies of composite systems with emphasis on alumina spherical
particles dispersed in a glass matrix. The effort will concentrate on es-
tablishing the effect of the particle size of the dlspersed phase on the
mechanical properties of the composite.

2) Studies of the final densification in hot pressing CaF,. The pretreat-
ment of the alumina powders has given an indication of having a marked effect
on the rate of densification and on the final density achieved and will be
studied in detail.

3) The study of the permeation of gas through ceramics under stress,
with emphasis on increasing the temperature at which the permeation in determined.

1
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L) sStudies will be initiated on the electrical and mechanical property
changes induced in poling ferroelectric ceramics. The poling of a ferro-
electric can induce considerable strain at grain boundaries in a polycrystalline
body. These strains are believed to be responsible for loss of dielectric
strength and failure of these materials when exposed to large electrical fields.

2. High Temperature Reactions, and Microstructure and Physical Properties
Joseph A. Pask

The objective of this program is to gain a fundamental understanding of
the factors responsible for microstructure of ceramic materials, and of the
relationship of such microstructures to mechanical behavior at high temperatures.
The research program may be divided into two principal areas: One is concerned
with studies of the kinetics and mechanisms of reactions involving at least
one nonmetallic inorganic solid phase; the second area is concerned with studies
of the mechanisms responsible for  the nature of the mechanical behavior of single
crystals and subsequently the application of such knowledge toward a similar
understanding of polycrystalline ceramic materials.

Specific areas of interest include:

l) Studies of the diffusion of iron into single-crystal Mg0 at temperatures
up to 1600°C. ' '

2) Studies of the diffusion of iron into sodium disilicate glass. Experi-
ments will also be extended to include iron oxide-sodium disilicate glass
diffusion couples.

3) Studies of the kinetics and mechanism of the dehydration of aluminum
hydroxide.

4) The stress-strain behavior of polycrystalline Mg0O is being studied in
relation to its microstructure including such variables as pore size and dis-
tribution, nature and amount of impurity, and nature of grain boundaries. The
deformed specimens are being examined to determine the relative effects of
dislocation movements and grain boundary sliding.

5) Plastic deformation studies of éingle-crystal specimens of a number of
compounds with NaCl-type structures.

C. Thermodynamic Studies

1. Thermodynamics of the Metallic State
Ralph Hultgren

1) The relative partial molar heat contents of Au and Sn in a liquid
Au-8n alloy will be measured in the liquid metal solution calorimeter. The
change with composition of A EA and A H, in the equiatomic region will be
-studied at a temperature just sEightly aggve that of the melting point of solid

AuSn, 691°K.

2) Heat capacity measurements on liquid alloys will be continued to deter-
mine whether the rapid decrease in Cp above the melting temperature found pre-
viously for Bi-In and In-Sn alloys is shown by other representative systems.
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3) High-temperature heat contents ( 8) and heats of fusion of the
solid phases AlSb and InAs will be determlned 29 Heat contents of ligquid In-Sb
alloys will be determined and combined with phase-equilibrium data in order to
determine the partial molar enthalpies and free energies for the liquid alloys.
Electrical-conductivity studies of In-5b alloys presently in progress will be
continued. '

4} Galvanic cell studies will be made at elevated temperatures using a
solid oxide, ThO, (containing 8% ¥,0 ), as the electrolyte. It is planned to
determine the standard free energy of formation of some oxides, to measure the
oxygen activity in dilute metallic solid solutions, and to determine the activity
of the oxygen-saturated metal in some binary alloys. Systems with oxygen activi-
ties as low as 1073% can be investigated at temperatures up to 1600°K. The
refractory metal-oxide systems selected for study are those of Ti, Zr, V, Nb, and
Ta.

5) The heats of formation of the ordered and disordered phases of CuPt
and thus the heat of ordering will be determined by liquid tin solution calori-
metry.

6) The compilation and evaluation of published thermodynamic data for
metals and alloys and possibly a few nommetallic systems will be continued.

2. High Temperature Reactions, Mass Spectrometry
Alan W. Searcy

1) As part of a general effort to investigate the evaporation coefficient
of alkaline earth dihalides, torsion furnaces will be used for measurements of
equilibrium pressures of SrF, by the torsion-effusion method, and for measure-
ments of the free surface apparent pressure of SrF and BaF2 by the torsion-
Langmuir method.

2) Nitrides studied to date, GalN, ALN, and Be N have high free energies
of activation for vaporization. Measurements of th vapor pressure and free
surface sublimation kinetics for Mg N as functions of temperature will be
initiated. Attempts will be made tg correlate surface structure, porosity, and

impurity level with variations in sublimation kinetics in order to obtain not
only a free energy of activation for the vaporization process but also more de-
tailed understanding of the factors that influence rates of evaporation.

3) A technique of determining the multiplicities of ground and low-lying
electronic states with the inhomogeneous field magnet attached to the mass
spectrometer will be tested and perfected on known species such as oxygen. The
technique, if successful, will then be applied to the problem of establishing
the ground electronic states for vapor molecules.

L) The theory of purification of metals by removal of carbon by use of
controlled oxygen pressures will be explored for a variety of metals. A new
method which would remove carbon and nitrogen simultaneously as HCN will also
be theoretically evaluated. '

5) The reagtlon of chlorine gas with tungsten will be studied at chlorine
pressures of 107~ to 1073 Torr over a temperature range of 1900 to 2600°K.
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6) Oxidation reactions of various metals, such as tungsten, tantalum,
etc., will be studied at low pressures and high temperatures in the presence
and absence of other gases such as nitrogen and halogens.

D. Electronic and Magnetic Properties

1. Structure Sensitive Electrical and Magnetic Properties of Materials
Earl R. Parker and Victor F. Zackay

The property of resistanceless conduction, known as "superconductivity,"
is dependent both on composition and structure. The critical temperature is
largely determined by composition and crystal structure and is generally in-
sensitive to defect structure, while the current carrying capacity and critical
field are strongly influenced by structural defects of both the microstructural
and the atomic types. '

Current program interest includes the following:

1) Compounds with the A1l5 (or PB-tungsten) crystal structure have the
highest critical temperatures of any known superconductors. The critical temp=-
erature of the following (as yet unevaluated) metastable AlS5 compounds is being
determined: VAL, Ta3Au, (I\Tb,V)3Si, and 1\]’b3Pb.

2) The critical temperature of compounds with the Al5 structure usually
decreases with increasing deviation from the ideal st01ch10metry B, In the
system Mo-Tc, however, an AlS5 structure, perhaps (A,B) exists at the approxi-
mate composition 50% Mo, 50% Te. It has a reported trgns1t10n tempersture of
15°%K. Further recent theoretical prediction by Leo Brewer indicatesthat the A15
structure should be stable in the ternary system, Mo-Tc-Nb. Studies are being
made of the relation of the critical temperature to composition for the binary
and ternary systems.

3) The variation of the superconducting transition temperature in the
Nb-N-C system is being studied as a function of composition and nitriding pres-
sure.

4) Although compounds having the B-Mn structure have not been extensively
investigated, it has been assumed that this structure is not a favorable one for
superconductivity. However, current studies of the Al5 structure of intermetal-
lics and the Bl structure of the metal carbides suggested to us that compounds of
the B-Mn structure, especially ternary systems containing nonmetals, would be good
superconductors. We have found that the compound Mo Al C and Nb Al C are super-

conductors with critical temperatures in excess of léfK 3

2. Electronic Properties of Materials
Ira P. Pratt

The specific properties of materials that are directly attributable to con-
duction electron density, bound electron density (those under the Fermi surface),
and electron excitational levels, are being examined on a semi-classical basis.
An gttempt will be made to extend a.c. relationships describing resistivity and
complex permeability to include Larmor frequency in a static magnetic field, and
perhaps to include description of the normal to diamagnetic transition associated
with superconductors. :

Photo-excitation in nonmetals by ultraviolet photons is being experimentally
studied to gain information on electron trapping and metastable excitation levels.
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Contractor: Union Carbide Nuclear Company, Oak Ridge
National Laboratory, Oak Ridge, Tennessee

Contract Number: W-7405-eng-26
Present Contract Term: July 1, 1963 through June 30, 1964 (Fiscal
"~ year 196L4)
Cost to AEC: $1,259,000
Contract Title: BASTIC RESEARCH IN THE METALS AND CERAMICS
DIVISION
Investigators: John Frye, Director, Metals and Ceramics

Division and Staff

Scope of Work: A, Crystal Physics

1. Crystal Growth
G. W. Clark, C. B. PFinch, S. D. Fulkerson, O. C. Kopp, and A. T.
Chapman

The purpose of this program is to study the growth processes of
crystals of high-temperature materials, to develop methods of growing
such crystals with improved size and quality, to produce crystals of
new materials of theoretical or practical value, and to supply crystals
for study of physical properties. Growth methods employed include from
. molten-salt solvents, from supercritical agueous systems, by material
transport, by traveling-solvent techniques, and by the general flame-
fusion method. Crystals produced have been used in Iinvestigations of
neutron irradiation, magnetic properties, electron-spin resonance, and
optical absorption.

Beryllium oxide crystals have been grown in different shapes from
different alkali tungstate melts at about 1200°C. Addition of 1% 3203
to Li 0-2W03 increased the growth rate of high-quality thorium
oxide“crystals at 1200°C from this solvent about tenfold (to 0.02 mm/hr).
Thorium oxide crystals are being grown doped with rare earths for
study of electron spin resonance and optical absorption of the rare-
earth iomns. :

Several members of a family of new rare-earth germanomolybdate
crystals have been synthesized. These have a tetragonal crystal
structure like sheelite (Cawou) and a formula R GeMoOg, where R
represents a lanthanide. These crystals are quite transparent,
strongly paramagnetic, and distinctly anisotropic magnetically.
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The optical absorption spectra, the optical Faraday effect, and

the temperature dependence of the magnetic susceptibility of

these crystals are being studied. By analysis of neutron diffraction
data, Er,GeMoOg was found to remain paramagnetic down to liquid
helium temperature.

The allotropic behavior of thorium silicate (ThSiO, ) has been
resolved. The transformation is so sluggish that the transfor-
mation temperature and even its existence have been in doubt. From
solutions in alkali ditungstates and dimolybdates, we could
crystallize only thorite (tetragonal) below 1225 #10°C and only
huttonite (monoclinic) above this temperature. This technique
should be useful -for studying allotropy in other systems with
sluggish transformatlons

Supercritical ammonia is being investigated as a hydrothermal-~ .
type crystal-growing medium.

B. Physical Metallurgy

1. Theory of Alloying
J. 0. Betterton, D. S. Baston, and G. V. Czjzek

This program is aimed at an experimental investigation of the
properties of metals that are fundamental to the systematic pre-
diction of alloy properties. Measurements include low-temperature
galvanomagnetic properties (which provide information on Fermi
surfaces), low-temperature specific heats, superconducting
transition temperatures, superconducting specific heats, and
Méssbauer effect. Particular emphasis is placed on the early
transition elements, Zr, Nb, Mo, Hf, Ta, and W, which have found
use in the technologies of nuclear energy, space, high tempera-
tures, and superconductivity.

Low-temperature specific heats have been measured for the
hexagonal alloy systems Ti-Zr, Hf-Zr, Zr-Sc, and Zr-dilute Nb and
interpreted in terms of the electron configurations of the
elements and their effects on the electron energy bands in the
alloys. Measurements will be extended to more concentrated Zr-Nb
alloys, including the body-centered cubic phase, and to the Zr-Mo
and Ti-Sc systems. We also expect to measure low-temperature
electrical resistivity of several of these systems to more fully
define the metallurgical states of the alloys.
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Low-temperature galvanomagnetic properties of single-crystal
tungsten, beryllium, and zirconium have been measured and inter-
preted in terms of the Fermi surfaces of these metals. Further
work is planned on beryllium, zirconium, niobium, and tantalum.
An ultra-high-vacuum (lO'l torr) furnace is being prepared to
produce exceptionally pure specimens for this program.

Mossbauer measurements have been made of the structure of
grain boundaries in nickel and the precipitation of cobalt in
aluminum. The technique will be extended to investigation of
localized magnetic moments in superconductors.

A magnet-calorimeter combination has been built to determine
the specific heats of metals in the superconducting state in
magnetic fields up to 42,000 gauss.

2. Relation of Properties to Structure of Metals
C. J. McHargue, R. E. Reed, and R. A. Vandermeer

The purpose of this program is to study the principles
dictating atom rearrangements brought about in metals by thermal
treatment, mechanical deformation, phase transformations, and
irradiation.

Dislocation dynamics is being studied for the body-centered
cubic metals. Present studies are concerned with the effects of
such variables as minor impurities, alloy additions, temperature,
and strain rate on dislocation velocities in niocbium. The results
are being correlated with the dislocation substructure shown by
electron microscopy.

Preferred orientation studies are primarily concerned with
correlation of annealing textures of aluminum specimens with
prioxr history. Studies of non-steady-state migration of grain
boundaries suggest that vacancies affect migration rates.
Further studies of this type arnd studies of interactions of
grain boundaries with impurities will be pursued.

Studies of niobium annealing have demonstrated that twin
intersections nucleate recrystallization and have revealed the
relative mobilities of various kinds of twin and grain boundaries.
These studies will be continued and annealing kinetics will be
correlated with different types of dislocation substructure.

The determination of energies of formation and migration of
point defects in body-centered cubic metals is under consideration.
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3. Metallurgy of Superconducting Materials
M. L. Picklesimer, G. R. Love, and J. A. Wheeler

. Buperconducting electromagnets capable of field strengths
up to 60,000 gauss are commercially available, and single wire
tests indicate that much higher field strengths are attainable.
Metallurgical variables such as heat treatment during and after
fabrication, phase morphology and composition, fabrication pro-
_cedures, and impurity levels have profound effects on the ability
of superconducting materials to carry electrical current in a
magnetic field. This program is established to investigate the
effects of these variables on the superconducting properties of
alloys in order that better understanding will lead to supercon-
ductors with optimum properties.

A new laboratory has been occupied. Included are a glove-box
facility for handling technetium and a high-vacuum (107¢ torr)
furnace capable of over 2000°C for preparing, studying, and heat-
treating the refractory alloys that have good superconducting
properties.

The transformation kinetics of niobium-zirconium alloys
containing 30 to 50% Zr have been measured. The measurements
will be extended to the range 15 to 30% when a homogenization
method now being sought is obtained. Some measurements of
superconducting characteristics have been made on alloys with
known metallurgical history in this system, but this work is
being deferred while a method is being sought for joining
superconductors to normal conductors without excessive contact-
resistance heating of the superconductor near the Jjoint.
Transformation kinetics and morphologies are also under study
for uranium alloyed with 25 to 50% zZr.

Preparations are under way for studies of phase equilibrium,
transformation kinetics, and superconductivity in technetium-base
alloys containing zirconium, niobium, and molybdenum.

4. Deformation in Crystalline Solids
R. 0. Williams and R. J. Arsenault

The purpose of this program is to investigate the rate-
controlling processes that occur during deformation of metals
and alloys and the nature of the internal changes brought about
by this deformation.
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The calorimetric measurement of energy storage during
deformation has been extended to single-crystal copper by
development of an extremely sensitive calorimetric technique.
An isothermal calorimeter is being developed to measure the
energy released during recovery and recrystallization.

An extensive investigation is under way on the deformation
of body-centered cubic metals, devoted to measurement of
activation energies and activation volumes as functions of
stress, temperature, and strain rate. Alpha iron has been
analyzed completely, and work has started on tantalum alloys.
The mechanism of deformation of body-centered cubic metals
has been analyzed theoretically by calculation of the energy
to nucleate a double kink for external stresses up to the
Peierls stress, and a direct measurement of the Pelerls stress
will be attempted. '

The yield drop has been studied as a function of strain
rate and temperature for tantalum, Cu—16 at. % Al, and
Ag—6 at. % Al, representing three types of dislocation lock-
ing. The activation volumes determined from the strain-rate
dependence of the yield drop and from differential strain-
rate tests agree well. The temperature dependence of the
yield drop strikingly resembles that of the ratio of the
temperature to the activation volume. As a result of these
observations, we conclude that the yield-drop phenomenon is
related to the multiplication of dislocations during their
motion. ' '

A theoretical analysis of the interaction between slow
moving dislocations and carbon atoms in iron predicts a
maximum dragging force at a very low strain rate, and the
associated activation energy should be that for diffusion
of carbon in iron, namely about 20 kcal/mole. In agreement
with this, we have found that the activation energy for
low~-temperature deformation of various iron-carbon alloys
does peak at this value for a strain rate that is independent
of carbon content.

C. Ceramics Research

1. Bintering Studies
C. 8. Morgan and C. S. Yust

High-temperature materials are often fabricated by sintering
of compacted powders. This program is directed toward an under-
standing of the mechanism of sintering, particularly in materials
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" such as thorium oxide and uranium dioxide that have the fluorite
structure. The properties observed include densification rates,
grain growth, pore closure, creep, and diffusion.

The dominant role of plastic flow in the initial sintering
of thorium oxide has been demonstrated for a variety of conditions
including the incorporation of small quantities of calcium oxide,
which aids sintering. Like thorium oxide, U0, (0/U from 2.03
to 2.25) probably sinters by plastic flow, since in the range
900 to 1400°C the sintering rate increased with temperature
disproportionally more than do diffusion rates.

Compressive creep studies have shown that the high-temperature
plasticity of thorium cxide is increased by calcium oxide addition
and further by a ternary addition of aluminum oxide. The rate of
grain growth, which is important in the final stages of sintering,
has been measured for the dioxides of thorium and cerium. Further
measurements of creep and grain growth in materials with the
fluorite structure are contemplated.

D. Structure and Physical Properties of Ligquids and Solids

1. Physical Property Studies
D. L. McElroy, W. Fulkerson, T. G. Kollie, and J. P. Moore

The object of this program is the improved understanding of
heat transfer in &ll kinds of solids by careful measurements on
selected materials over a broad range of temperature. The ultimate
objective is the prediction of thermal conductivity from either
first principles or more easily measured properties. Important
to this purpose is the improvement of experimental accuracy and
the extension of measurements to higher temperatures.

With the improved radial heat flow apparatus, the thermal
- conductivity of uranium dioxide has been measured from =57 to
1100°C, of type CGB graphite from 50 to 1000°C, and of Armco
iron from 100 to 1000°C. Uranium dioxide behaved as a typical
ceramic material that is well above its Debye temperature,
exhibiting a linear temperature dependence of the thermal
resistivity from 200 to 1100°C. The graphite, measured
perpendicular to the extrusion direction, showed from 50 to
1000°C a linear thermal resistivity with negligible electronic
contribution. In iron, which is a widely used standard for thermal
conductivity measurements, the improved accuracy permitted
observation of several features not previously observed, such
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as the drop in thermal conductivity at 91200, the allotropic
transformation temperature. Measurements of electrical con-
ductivity on the same materials have enabled separation of the
electronic and lattice components of the thermal conductivity.
Thermocouples with better stability are needed and being sought
to permit measurements at higher temperatures. Measurements

on electron-beam melted iron and lithium fluoride are planned.

The thermal comparator has been improved in accuracy and
used with ThS and UO, _; the latter showed 15% greater thermal
conductivity than the stoichiometric oxide. To supplement the
comparator a low-temperature longitudinal heat-flow apparatus
vhasobeen built and is being modified to permit measurements to
2007¢C. ‘

The direct-heating apparatus, which should permit Simultaneous
measurements of a number of physical properties to 2000°C, has been
assembled and is being tested.

2. Spectroscopy of Ionic Media .
G. P. Smith, C. R. Boston, and H. W. Joy

This program is a fundamental investigation of the relations
between the electronic states and geometrical structure of matter.
The major part of the effort is an experimental investigation,
‘principally by optical spectroscopy, of ions primarily in molten
salts but supplementally in crystalline salts and molecular
liquids. In a complementary theoretical investigation,
techniques are being developed for the quantum mechanical
calculation of electronic states of atoms, molecules, and
crystals.

A study of the effect of surrounding cations on the spectrum
of nitrate ion is nearing completion. Copper(II) ions in dilute
solution in molten chlorides with large cations were found to be
tetrahedrally coordinated to chloride ions with little distortion.
Nickel(II) ions in molten LiF-NaF-KF eutectic were octahedrally
coordinated to fluoride iomns. Electﬁonic transitions in the
complexes NiCl,™ , NiBr 2‘, and NiI,*” have been measured in
high-temperature media and related to modern theoretical models.
The rate of oxidation of NO,— in molten perchlorates was measured
spectrophotometrically. Spectroscopic studies of the interactions
between ions in different oxidation states of posttransition
meialsB}s contiguing; recent measurements have been on the
Bi"—Bi”" and Pb —prt interactions.

10k



The high-temperature spectrophotometer has been demonstrated
capable of operation to above 2000°C, although the specimen holder
available at present limits measurements to 1450°C. At this
temperature the broadening of absorption bands in ruby by lattice
vibrations was studied.

Computer programs have been developed for deriving theoretical
parameters from spectral data, for calculating electronic states
of F-centers in crystals, and for calculating quantum mechanical
wave functions from first principles. Improved wave functions
have been calculated for H2+, He, Li, C, and CHj‘.
3. TFundamental Research in X-Ray Diffraction

H. L. Yakel, B. S. Borie, and C. J. Sparks, Jr.

This program is concerned with the use of x-ray diffraction
for the study of average crystalline structures and the variations
from these average structures that arise from imperfections. In
this way, the effort is divided into two areas: the determination
of the structure of new materials and the study of changes that
are made in crystal structure by such processes as deformation
and irradiation.

Single crystals of beryllium oxide, grown at high temperature
from molten mixtures of metal oxides, have been examined by x-ray
diffraction after irradiation at various temperatures to fast
neutron doses ranging from 1 x 1020 to 4 x 1021 neutrons/cmg. At
temperatures near 100°C, when the dose reached about 5 x 100
neutrons/cm<, the irradiation debris was distributed in
agglomerates of 10 to 100 defects each, which affected the
scattering of x rays by the crystal lattice in a characteristic
manner. Above 65000, the agglomerates were much larger, and the
crystal fractured. Above 1000°C, much of the damage was annealed

out, but some swelling persisted. This study should soon be
completed, and similar studies of other materials will follow.

The x-ray diffraction study of very thin (20 to 400 A) films
formed on single crystal copper by oxidation has continued.
X-ray diffraction characterizes the structure of these films in
terms of lattice parameter, mosaic spread, relative amounts of
different orientations, strain gradients through the films, and
impurity effects. Study of oxide films grown on the different
surfaces of copper has led to a model that explains the
oxidation rate anisotropy among the 311, 110, 111, and 100 faces
of copper in terms of lattice disregistry and imperfections.
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In a continuing effort at determining structures of new
materials, progress has been made with LuMnO3-type compounds,
compounds between beryllium oxide and other oxides, iron-
substituted aluminosilicates, rare-earth germanomolybdates,
and rare earth titanates.

E. Chemical Properties of Solids

1. Reactions at Metal Surfaces
J. V. Cathcart, R. E. Pawel, and G. F. Petersen

The general purpose of this program is the investigation of
the fundamental processes. involved in the oxidation of metals.
The principal direction of approach is the study of factors
affecting the protectiveness of oxide films on metals, particu-
larly the strain in the film and in the underlying metal.

The study of thin oxide films on copper is continuing. By
-X-ray diffraction, the structure of the film on several faces of
"single-crystal copper has been determined. The rate of oxidation
could be related to disregistry that results in the cuprous oxide
lattice from epitaxial stresses. Impurities have been found to
change the rate of oxidation in either direction, and these
changes parallel the effects of these impurities on oxide
lattice disregistry.

When tantalum or niobium oxidizes, oxygen dissolves in the
metal creating rather large stresses. The study of this internal
oxidation has been aided by the discovery that a layer of anodic
amorphous oxide on the metal does not prevent oxidation but
actually improves the observation of precipitation of the sub-
surface oxide. Although the anodic film is quite inert, it is
readily stripped. This has led to a sensitive sectioning
technique for use in diffusion measurements; successive very
thin sections of the metals can be removed for analysis by
alternate anodizing and stripping. This technigue has made
possible demonstration of anomalously slow near-surface
diffusion by uniquely sensitive measurements of diffusion rates
in niobium and tantalum. Study of the oxidation of these
metals is continuing. Included are properties of oxide films
in place and stripped, comparison of the structure and
properties of anodic and thermally formed films, and the
solution of oxygen in the metals.
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